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PREFACE TO THE 6th EDITION 

^\e ten years which have passed since the fifth edition appeared, so many 
'^s have taken place in the design and application of power switchgear 
i. "ly all the chapters required revision and many had to completely 
rew. The result is to be seen in this new edition which is as up-to-date 

as is pc ble in this progressive section of the electrical industry. Even so, 
it is feared that because of the inevitable time lag which must occur in the 
production of a book of this magnitude between the original work of 
composition and the date of publication, some descriptive detail may already 
be modified or even superseded. It is known for example that several 
British Standards referred to or quoted in the book are under review by 
various technical committees and new, revised issues may be expected which 
could modify parts of the present text. 

In the preparation of this new edition, the opportunity has been taken to 
re-arrange the order of chapters so that those at the beginning relate to a 
number of theoretical aspects which lead to subsequent chapters on design 
and descriptive detail. Because of the supreme importance in any switchgear 
installation of the circuit interrupting device, be it a fuse or circuit-breaker, 
quite a considerable portion of the book has been devoted to a study of these 
devices, to their application, and to the calculations necessary for a correct 
choice in so far as breaking capacity is concerned. On this occasion, short- 
circuit calculations have been divided into two chapters, one for symmetrical 
faults, the other for unsymmetrical faults. In dealing with the former, 
considerable revision and extension has been made, firstly to simplify the 
task of making calculations by the inclusion of a series of tables giving the 
resistance and/or reactance of machines, transformers and cables (the latter 
in per yard terms) on a common base, i.e., loo ooo kVA, so that many indivi- 
dual calculations are eliminated, and secondly, to lay greater emphasis on 
the need to include in the calculations all the factors tending to limit the 
fault current, particularly the marked effect of resistance introduced by cables 
in medium voltage networks. 

Another chapter which has been completely rewritten is that on protec- 
tive gear, it being felt that in earlier editions too little attention was given 
to the relatively simpler forms of protection which would be of major 
interest to many readers. The revised chapter remedies this but the 
more elaborate forms have still been noted in some detail. References.to 
the application of induction type relays have been brought into this chapter 
instead of being considered separately. 

To allow for expansion in the foregoing directions, some omissions 
have been necessary so that the size of the book could be kept within reason- 
able bounds. What to omit has not been an easy choice and some criticism 
nay be expected. The reader will note that the omissions- m'fllide the chap- 
^rs on D.C. Switchgear, Supervisory Remote Control (t)n the grounds that 
lis is in the realm of telecommunications), Voltage Regulators (because they 
re not really switchgear although often mounted on the control board) and 
flameproof Switchgear (because the author has covered this in another 
recent book). 

The theme of all previous editions has been maintained, namely to 
provide an outline of British switchgear practice for the non-specialist user 



and for students and beginners. As previously too, the book is not a mere 
catalogue of the practice of one manufacturer and the reader will find 
innumerable references to the practice and designs of a host of manufacturers, 
to whom incidentally the author expresses acknowledgment here as a 
whole, and by name elsewhere. Indeed, the information put at his disposal 
so freely by his many friends in the switchgear industry has been so extensive 
as to be embarrassing in that it has been extremely difficult to know how best 
to use so much data within reasonable space and inevitably much of interest 
has had to be left out. 

As in earlier editions, two examples taken from the author’s book 
"Calculations of Fault Currents” (Sir Isaac Pitman & Sons Ltd.) have been 
used in Chapter III and, on this occasion, two from his book “Simplified 
Short-circuit Calculations” (The Belmos Co., Ltd.). Both sources are 
gratefully acknowledged and to the latter firm, their kindness in allowing the 
author to devote so much time whilst in their employ to the preparation 
of this new edition. 

Many suggestions resulting in detail improvement in various chapters 
have been received from the management and members of the J. & P. 
Switchgear Department, notably Mr. F. G. Bale and Mr. J. B. Davies. The 
work of deciphering and interpreting the handwritten manuscripts and 
seeing the book through the press has been most ably undertaken by Mr. 
C. A. Worth of the J. & P. Publicity Department. To all these the author 
expresses his thanks. Finally, he acknowledges the encouragement given 
by Messrs. Johnson & Phillips Ltd., on whose initiative the work has been 
undertaken and produced. 

It is hoped that the usefulness of the book, so clearly established in the 
five earlier editions, has been at least maintained and perhaps increased in 
this new edition. 


Weymouth, Dorset. 1963 


R.T.L. 
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CHAPTER 1 

INTRODUCTION 


All electrical power needs some form of switchgear in order that it may 
be safely controlled, regulated or switched on or off under both normal 
and abnormal operating conditions. In the home or office a simple tumbler 
switch with a fuse somewhere in the background serves to control and 
protect lights, domestic apparatus or other equipment and is in its own 
way a form of switchgear. At the opposite end of the scale, in power stations 
and substations of many kinds, switchgear to serve exactly the same purpose 
must exist although of necessity it will have many additional and more 
complex features. 

Between these extremes there is available a considerable range of types, 
designs and ratings and it can be said with truth that of the many branches 
of electrical engineering, few can compare in complexity of detail, or 
comprise so many individual yet related parts, or take on such a variety 
of form, layout and make-up, as electrical switchgear. 

Over the years, many factors have contributed to the expansion in 
design and application. Not the least among these is the establishment of 
grid networks and the ever increasing use of electricity, the research which 
became possible with the building of high-power test plants for the proving 
of circuit-breakers and other apparatus, and fundamental research by such 
bodies as the Electrical Research Association. 

Switchgear is a subject which cannot possibly be exhaustively dealt 
with in one book. It is indeed quite impossible to attempt even to describe 
all the known arrangements, designs and variations. Once considered a 
necessary evil to be given scant thought, switchgear is now acknowledged 
as a separate specialised science with many branches, requiring the attention 
of engineers trained in the art of design and application and having much 
more than a passing knowledge of the plant to be controlled. As comparisons 
between examples illustrated in this edition and those in earlier issues will 
show, it is a science which does not stand still, new and better designs 
being constantly introduced almost before previous advances have been 
fully absorbed. In this book therefore we must content ourselves with an 
outline of switchgear practice both in design and application leaving the 
reader to study in greater detail the multitude of individual papers and books, 
some of which are noted in the chapter bibliographies. 

Many claims have been made from time to time concerning the 
advantages or disadvantages of one type of switchgear against another. 
Where possible, these will be noted as we proceed but no attempt will be 
made to influence a choice as so much depends on local circumstances and 
on personal preference. For example, claims for and against compound- 
filled gear or the alternative form with air-insulation have been made over 
and over again. Both have advantages and both have adherents; there are 
situations where one type is obviously the better choice and sometimes the 
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choice is not one of technical merit. As we shall see, even in any one type, 
variations in the method of achieving the same object occur, as for example 
in the method used to isolate the circuit-breaker, which can be either 
vertical drop-down, vertical lift-up or horizontal drawout. How does one 
choose? 

In other situations, will a fuse-switch suffice or must a circuit- breaker 
be used? And if the latter, shall it be of the oil-immersed type or an air-break 
design? 

Even with smaller details there are divergent demands as for example 
in the size and type of indicating instruments. Many consider that a 4 inch 
instrument is ample but there are others who require one which can be 
read at 20 feet! Shall the instrument, whatever its size, be round or square, 
flush mounting or projecting, long or short scale? 

At the higher voltages of power transmission, a choice has to be made 
between indoor or outdoor (up to say 33 kV) or between oil or air-blast 
circuit- breakers. At the very high voltages, present tendencies lean towards 
the air-blast type but it must be remembered that the oil circuit-breaker is, 
as far as British designs are concerned, second to none, well-proved and 
tried, and giving little if any trouble. Any review of electrical troubles when 
British oil circuit-breakers have been used would produce no cause for 
apprehension. Nevertheless, the type is bulky, requiring a considerable oil 
content, and a demand for other designs arises and must be respected. This 
has led to the air-blast types, popular on the Continent for many years, and 
British developments in this field are noted in a later chapter, developments 
which were essential in any case to enable British manufacturers to meet 
Continental competition in export markets. 

It may be noted here that while the quantity of oil in an oil circuit- 
breaker may be a disadvantage, the air-blast type is not without corresponding 
failings. For example, a supply of air at high pressure, in ample quantity 
and thoroughly dry, is a most important essential. Failure of the source of 
air supply will render the gear quite useless and this leads to the necessity 
of duplicating the source of supply, an expensive item in a small switching 
station. Air leakages, condensation and other problems, add to the factors 
which must be taken into account. 

Many of the chapters which follow will discuss the pros and cons of the 
foregoing without bias in favour of any type. 

It is not so many years ago that “breaking capacity" (or as it was then 
termed “rupturing capacity") was a thing of some mystery in relation to 
circuit interrupting devices. Today, in all countries of electrical importance, 
short-circuit test plants exist and the assignment of a breaking and making- 
capacity rating is something which can be backed by proving tests. The user 
of switchgear can call for evidence to substantiate the claims of manu- 
facturers, such evidence taking the form of a certificate of rating against 
tests made to a standard specification. However, before a user can specify 
his requirements to suit his system, he must first assess with accuracy the 
fault values which can arise and because of the importance of making 
calculations for this purpose two chapters are devoted to the subject, one 
covering the symmetrical condition of fault on which circuit-breaker 
selection is made, the other covering the unsymmetrical condition where a 
fault does not embrace all phases of a three phase system. 
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CHAPTER II 

A.C. CIRCUIT INTERRUPTION THEORY 


Of all the many items which go to make up a complete switchgear unit, it is 
the circuit breaking device itself which determines the safety or otherwise of 
the electrical system and the plant connected thereto. It is therefore 
appropriate to start this book with an outline of the theory of a.c. arc 
interruption. 

To interrupt a circuit where the load conditions are normal is not a 
difficult problem as the current to be broken is relatively small, amounting 
generally to a few hundred amperes or, in a lesser number of cases, to two 
thousand amperes or so. Equally important is that the power factor will 
be high, e.g. o*8. But when a fault occurs on the system the short-circuit 
current resulting may be many times greater, as will be demonstrated in 
Chapters III and IV, reaching a value of tens of thousands of amperes at 
very low power factors (0*15 or less in some instances). Such conditions 
obviously must not be allowed to persist and it is the duty of the circuit 
interrupting device, installed at an appropriate location, to open and clear 
the fault from the system as quickly as possible. 

The designer of these devices requires to know just what goes on in the 
process of arc interruption if he is to produce a design which he may 
confidently submit to specified proving tests (see Chapter V). This know- 
ledge must cover the period of time from the instant of short-circuit to the 
instant, only fractions of a second later, when the arc is interrupted. These 
all important fractions of a second have been the subject of major research 
the world over for many years and, in Great Britain, a foremost part has 
been played by the Electrical Research Association, a statement which can 
be verified by a study of the book “Circuit- Breaking*' which describes the 
work of the E.R.A. back to the year 1920. In spite of all that is known today, 
however, there is still much to be learned particularly in regard to the physics 
of circuit-breaker behaviour and gaseous conduction. In the space of a 
single chapter it is impossible to do more than outline the processes of arc 
interruption in circuit-breakers, leaving fuses to be considered in Chapter XIL 

Every circuit-breaker, be it oil, air-break or air-blast, comprises a 
number of pairs of mating contacts, each pair having a fixed and moving 
member. Normally, these are closed to carry the load current, but arrange- 
ments are made whereby, under predetermined conditions, these contacts 
separate automatically to interrupt whatever current is flowing. The number 
of pairs of contacts per pole may vary in different designs but in the oil-break 
type the majority of circuit-breakers have two such pairs per pole and such 
a breaker is designated double-break. Designs do exist however, particularly 
at the higher voltages, where four and even six bresJes per pole are employed. 
Some designers on the other hand favour a single-break design which has 
only one pair of mating contacts per pole based on the theory that in a 
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double-break arrangement some 83 per cent of the duty of interruption is 
performed on one break. 

When contact separation occurs, an arc is drawn between the fixed 
and moving contacts and at high currents this arc is essentially a column of 
gas which has an exceedingly high core temperature. The heat of the arc 
causes the oil in an oil circuit-breaker to decompose to liberate gases 
comprising hydrogen, acetylene, methane, ethylene and other hydrocarbons, 
the actual proportions of which will vary in relation to current and pressure. 




(a) P.F.-I.O 



(b) P.Jr,=:0 



NOTE-.VOLTAGES AT OTHER LAGGING 
P.F. CAN BE OBTAINED FROM 
FORMULA 

Vr . Vm sin 0 WHERE 
Vr - RECOVERY VOLTAGE 
Vm - MAX. VOLTAGE 
THUS AT P.F. 0-15 Vr O*90f 
WITH Vm - 10. 


Fig. 2-1 . — Illustrating the variation of recovery voltage with power factor. 
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but average values may be assumed of 70 per cent hydrogen, 20/25 per cent 
acetylene and 5/10 per cent all others. Due to the high temperature, the 
acetylene, ethylene and methane disassociate leaving the arc maintained in 
a column of hydrogen. 

In air circuit-breakers (which incidentally are normally single-break) 
the arc exists in a mixture of air and metallic vapour. 

The problem of interrupting an a.c. arc in any type of circuit-breaker, 
may be stated briefly and in very broad terms as that of providing means 
whereby the highly conductive gaseous path is deionized to such an extent 
that on current interruption the dielectric stren^h in the arc gap exceeds 
the increasing voltage impressed on the gap tending to re-establish the flow 
of current. An opportunity for the dielectric strength to recover occurs 
twice in every cycle when the current passes through zero and, in the ideal 
circuit-breaker, interruption of fault current would be achieved at the first 
current zero following the initiation of the arc. This ideal is not always 
achieved as many factors are involved in the process of deionizing the arc 
path and, depending on the design and type of circuit-breaker, there may 
well be several cycles of arcing prior to final extinction. 

The process of deionization is aided in a number of ways such as 
lengthening, generation of high gas pressure, turbulence and arc splitting, 
the latter being effectively a means of lengthening the arc. Various forms 
of arc-control device will be described in Chapter VI, the purpose of which 
is to assist one or more of these processes. In the air-blast designs air is 
directed at high velocity into or across the arc path and although ^^has a 
lower dielectric strength than oil, its effectiveness is not less because of the 
higher velocity with which it can be forced across the arc path. 

The voltage impressed across the arc gap at current zero will depend on 
the power factor of the circuit up to the fault and where this is high, say 
0*8 or 0*9, the breaker will pnly have to deal with some value of voltage 
considerably less than the peak value. This is generally the condition when a 
circuit-breaker has to interrupt normal load current or fault currents at 
electrically remote points on a network where resistance (mainly in cables) 
ensures a high or relatively high power factor. At points nearer to the source 
of power however, the power factor is very nearly zero under fault conditions 
giving virtually peak voltage at current zero. This is demonstrated in 
Fig. 2-1 for zero, 0*3 and unity power factors. 

In a paper by Harvey and Erith a set of curves has been given to show 
the influence of power factor on arcing times and its effect on the arc energy. 
These show that an increase in power factor from 0*15 to 0*3 reduces arcing 
time by about lo per cent and arc energy by the same amount. On the 
other hand an increase from 0*15 to 0*5 gives reductions of approximately 
20 and 30 per cent respectively. 

During the arcing period the voltage across the contact gap is known 
as the arc voltage and is relatively low with heavy current arcs of short 
len^h. It is the voltage shown at Ea in Fig. 2-2 and at current zero it rises 
rapidly to the peak value of the restriking voltage transient. This change, 
not readily observable on ordinary magnetic oscillograms, has been studied 
in great detail by means of the cathode ray oscillograph and it is found, as 
shown in Fig. 2-3, to be oscillating about a zero Une which is the normal 
50 c/s wave of recovery voltage. The frequency of oscillation corresponds 



10 


THE J. & P. SWITCHGEAR BOOK 


to the natural frequency of the system and is determined by the capacitance, 
inductance and resistance of the system and its distribution. 

In a matter of micro-seconds the oscillating voltage merges by damping 
into the recovery voltage at normal frequency but it is the amplitude of this 
oscillating voltage which is important in circuit interruption. To some 
degree the amplitude is affected by the peak value of the 50 c/s voltage at 



I = Current 
Ea=Arc voltage 


Fig. 2-2. 

current zero as shown in Fig. 2-1. The nature of the fault may also affect it; 
for example, on a three phase fault in which either the neutral or the fault, 
or both are not earthed, the instantaneous voltage across the first phase 
to clear will be 50 per cent greater than the line to neutral peak. This is 
demonstrated in Fig. 2-4 where the blue phase has cleared while the yellow 
and red phases are still connected via the arcs across the contacts. 

Thus the amplitude of this oscillating voltage (termed the restriking 
voltage) may reach an instantaneous peak of 2.1*5 phase to neutral volts. 
The oscillating voltage in Fig. 2-3 is shown as having a single frequency 



transient. In practice two or more frequencies may be present resulting in 
a composite frequency such as that shown in Fig. 2-5. 

We have noted that the amplitude of the restriking voltage has a bearing 
on the work to be performed by the circuit-breaker and now it must be noted 
that the rate of rise of this voltage (known in short as R.R.R.V.) also affects 
the severity. The rate of rise is stated in volts per micro-second and is 
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obtained by drawing a straight line through zero and tangential to the po^t 
of the curve. For a single frequency transient as in Fig. 2-3 this presents 
no difficulty but where, as in rig. 2-5, more than one frequency appears, 
the several peaks may each have a different rate of rise and the greatest rise 
and the greatest rate of rise may not be associated with the peak of greatest 
amplitude. 

B 


4 


Y 

p->AAMAr— — 
4 — 




OB + OA 



-l-Sx OB 


Fig. 2-4. 


The natural frequency of an oscillating circuit is: — 

Fn- 

zWLC 

so that the Fn will be low for short-circuits at the remote ends of feeders 
as capacitance will be high, whereas at points near to the busbars of a power 
station and at points close to power transformers, capacitance will be a 
minimum, Fn will be high, and the interrupting conditions severe. 



In circuit interruption by air-blast, restriking voltage plays an important 
part in that the circuit-breaker is sensitive to this transient. For this reason, 
what is described as resistance switching has been resorted to in axial blast 
designs. Resistance damps the oscillation and this has been used to advantage 
by switching-in resistance during the arcing period. In air-blast breakers 
with cross blast, the problem is solved largely by the resistance of the long 
arc which is drawn across splitter devices. 
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With the insertion of resistance, the frequency of oscillation becomes: — 

^om this it follows that, if the resistance is given a value less than 
iVh/C, the oscillatory nature of the transient vanishes and the rate of rise 
of restriking voltage is kept within the rating of the breaker. 

In resorting to resistance switching, the usual procedure is to connect 
the resistance in shunt with the arc (see Chapter VIII, Fig. 8-io for example). 
With the arc so shunted, a part of the arc current is diverted to and flows 
through the resistance. 

This results in a decrease of the arc current and an increase in the rate 
of deionization of the arc path and in the resistance of the arc. This leads 
to a further increase in the current through the shunt resistance and so the 
build-up proceeds until the current path through the arc is substituted by 
that through the resistance either wholly or in the greater part. In the latter 
case, the small value of current remaining in the arc path becomes so unstable 
that it is easily extinguished by an air-blast and the current which continues 
to flow through the resistance is readily broken by the series isolator. 
Alternatively, the resistance may be automatically switched in by transference 
of the arc from the moving contacts to a probe contact, as shown in Fig. 2-6, 
and current flowing at stage (d) will have a high power factor so that it is 
quickly extinguished by the air-blast. When discussing air-blast circuit- 
breakers later in Chapter VIII we shall note how shunt resistors have another 
purpose, i.e., to ensure equal voltage distribution across multiple interrupting 
heads per pole. , 

From what has been said it is clear that with either a high rate of rise 
or a high peak amplitude of restriking voltage independent restriking of 
the arc is possible. In the former case the arc path has not had time to cool 
and deionize sufficiently, hence the arc may restrike with only a low peak 
value of restriking voltage. In the latter case, the peak value may be high 
enough to flash over the gap between the contacts even though, due to a 
low rate of rise, the arc path has been able to cool and deionize. 

It has been noted that anything which aids deionization at current zero 
and immediately after is important in reducing the clearance time of a 
circuit-breaker under fault conditions. To have this same aid available at 
times other than at current zero can, however, have detrimental effects and, 
as we have said, current interruption at any other time is not desired or 
desirable. For example, the air-blast circuit-breaker is particularly sensitive 
to what is known as '‘current chopping*' which means simply that the 
current is forced to an unnatural zero and interrupted at a time before the 
natural zero pause in the cycle. The effect of this is a practically instantane- 
ous collapse of the current and it can lead to serious over-voltages which 
may affect the whole system. This problem is acute when the circuit- 
breaker has to deal with very low values of current such as transformer 
magnetising currents and capacity (line charging) currents. The cause lies 
generally in the fact that in air-blast circuit-breakers, the full pressure of 
air is available at all times and in an I.E.E. paper presented by Cox and 
Wilcox (see bibliography) it is stated that: — 
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Fig. 2-6 . — Sequence diagram of resistance switching in an air-blast circuit 

breaker. 
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the 50 cycle current being interrupted approaches zero, a value is 
reached at which deionization of the arc in the contact gap is so rapid 
that the current is forcibly suppressed before the natural zero point. 
If the total reactance of the circuit is such that the current to be interrupted 
is of the order of 150 A r.m.s. or above, this forcible suppression occurs 
when the current has nearly reached its normal zero. With higher values 
of circuit reactance giving lower values of 50-cycle current, the total 
amount of ionization of the contact gap is less and suppression of the 
current occurs earlier before the normal current zero at a higher instan- 
taneous value, thereby inducing a higher voltage in the increased circuit 
inductance. With a correctly designed breaker this voltage is prevented 
from rising to a dangerous value by breaking down the contact gap and 
re-establishing the normal arc. The arc current which flows is again 
forcibly suppressed and the process is repeated until the current almost 
reaches its normal zero.” This is shown in Fig. 2-7. 



Fig. 2-7. — (Journal LE.E.), 


The voltage generated by current chopping may have a value several 
times the insulation level of the apparatus on the system and there may be 
failure of external insulation. 

A.C. circuit interruption is a fascinating problem involving not only 
the more obvious mechanical and electrical aspects but also the physics 
of electrical gas discharges. Co-operation in research between engineers 
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and physicists has led to very considerable improvement in circuit inter- 
rupting devices, and later we shall see some of the results when cirquit- 
breakers of various types are considered in detail. 

Here, much of interest has been omitted simply on account of space 
but for the student wishing to continue the study, any of the papers or 
books noted in the bibliography will be invaluable. In particular two books 
are noteworthy, namely those by Trencham and Crane. 
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CHAPTER III 

SHORT-CIRCUIT CALCULATIONS FOR SYMMETRICAL FAULTS 

The importance of determining the value of fault current which can arise 
in the event of a short-circuit on an electrical network is well known. * 
This knowledge is essential for the purchase of circuit interrupting 
devices (circuit-breakers, switches or fuses) of proved ability to deal with the 
short-circuit condition and to ensure that such associated apparatus as 
busbars, connections, current transformers etc., can withstand the electro- 
magnetic and thermal conditions which arise, due to the passage of the 
fault current, until interrupted. For these purposes the relatively simple 
method of calculation based on a three phase fault with symmetry is sufficient, 
a condition indicated in Fig. 3-1, and it is this method which will be discussed 
here. In the following chapter discussion will be devoted to other types of 
fault involving an unsymmetrical condition. 


— IaaaaaA] 

lVV\AAAi 

lv\AAAAr“ 


WWW — 

WWW 

WWW 

3 -PHASE 

FAULT 


Fig. 3-1. 

In any type of short-circuit calculation certain essentials must be known 
and appreciated. In the first place it must be noted that the source of fault 
power originates in all connected generating plant and may be further 
implemented by other synchronous machines (e.g. motors) which, while 
normally taking power from the network, may feed power into it under fault 
conditions, particularly if there is a drop in voltage or frequency. All such 
sources of power must therefore be considered and if of significant size must 
be included in the calculation. 

Secondly, the magnitude of the fault current is limited only by the 
combined impedances of all machines, transformers, cables and (if employed) 
reactors. It is therefore essential to have full knowledge of the system 
impedances, noting that impedance is that value which combines resistance 
and reactance vectorially, as indicated in Fig. 3-2. Here it may be noted 
that in many items of plant, resistance is so small in comparison with 
reactance as to be unimportant and it is sufficient to deal in reactance terms 
only, this generally being the case for generators, transformers, synchronous 
motors and reactors. On the other hand resistance may be considerable in 
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cables or overhead lines and as will be shown can have considerable effect, 
particularly in low- voltage (400-600 volts) calculations. In general it may be 
assumed that where resistance is less than one- third of the reactance, the 
former may be ignored and the calculated fault value will not be in error 
by more than 5 per cent. If, however, the resistance is of the order of one-half 
that of the reactance, and resistance is ignored, errors up to 12 per cent may 
be introduced. By “errors'* it is meant that calculations will result in 
values higher than is actually the case being obtained and, in some cases, 
lead to the purchase of gear with a higher rating than necessary. 


REACTANCE(X) IMPEDANCE(Z) 


Z«R-fjX 


RESISTANCE(R) 

Fig. 3-2. 

Resistance and reactance (and consequently impedance) may be expressed 
in percentage or ohmic terms. In the case of machines and transformers, 
manufacturers values are always in percentage terms while tables for cables 
and overhead lines are always in ohmic terms. Calculations can be made 
using either but not a mixture so that if, as in the calculations which follow, 
the percentage method is used, then any item with ohmic values must be 
converted to percentage using the formula: — 

Percentage value on given kVA base _ 100 000. kVA base.^i 

for ohmic value ^ ~~ 

When 0 = value in ohms (resistance, reactance or impedance) 

and V= voltage between lines. 

This formula introduces the term “kVA base" and needs some 
explanation. It arises from the fact that in many networks generators and/or 
transformers may be operating in parallel and may be of widely different 
rating (kVA). In such circumstances no common comparison can be made 
unless each rating is converted to a base or common value. It is quite 
unimportant what value is chosen for the base and it could be 

(a) that of the largest machine or transformer, or 

(b) that of the total plant capacity, or 

(c) an arbitrary figure unrelated to any machine or transformer rating. 

In what follows alternative (c) will be used as it permits any calculation 
to be made from tables based on a common figure and therefore these tables 
can be used for any combination of plant ratings without the need to select 
a base each time. The figure chosen for the base has no effect on the ultimate 
result so long as we remember to use the base kVA in the final formula to 
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arrive at the short-drcuit MVA. The figure chosen for the purpose of this 
chapter will be loo ooo kVA but in working out an example later it will be 
shown that any other base kVA could have been chosen. 

With the foregoing established, direct reference Tables 3 : i to 3 : 4 
can be produced as follows. 


MACHINES AND TRANSFORMERS 


To convert the normal percentage figures as quoted by the manufacturer 
to equivalent values on our chosen base of 100 000 kVA, the formula used 
is: — 


percentage on base kVA 


base kVA* normal percentage 
machine or transformer kVA 


Thus a machine of 20 000 kVA rating with a normal reactance of 
12 per cent would, by this formula, have a reactance on a 100000 kVA 
base of: — 


100 000 . 12 
20 000 


60% 


or a transformer of 400 kVA rating with a normal reactance of 4*75 per cent 
would, on a 100 000 kVA base, be: — 


100 000 . 4*75 
400 


a 187-5% 


We can therefore compile Tables 3 : i and 3 : 2 on this basis for future 
use in the worked examples. 


Table 3 : i 

HIGH SPEED GENERATORS 


kVA rating 

Typical* 
normal 
reactance % 

kV 

— 

Percentage reactance on 

100 000 kVA base 

I 000 



I 200 

2 000 



600 

5 000 

12*0 

up to II 

240 

7500 



160 

10000 



120 

15 000 



80 

20000 

13*5 

up to II 

67-5 

25 000 



54-0 

30 000 


up to II 

50*0 

30 000 

20*0 

22/33 

66*6 


•These values are representative only and wherever possible actual values should he obtained 
from the manufacturer and the reactance on the base kVA calculated as indicated. 


No generalised figures can be given for slow speed generators, e.g. 
water wheel driven, and specific data should be obtained from the manu- 
facturer. 
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Table 3 : 2 


POWER TRANSFORMERS 



Percentage reactance on 100 000 kVA base 





H.V. Winding kV 




kVA 





















rating 

3-3 

6*6 

11*0 

15 

22 

33 

44 

55 

66 

88 

no 

132 

100 

4750 

4 750 

5 000 

5 000 

5 000 

5500 

5 500 

5 500 

— 

— 

150 

3 166 

3 166 

3 333 

3 333 

3 333 

3666 

3666 

3666 

— 

— 

200 

2375 

2375 

2 500 

2 500 

2 500 

2750 

2 750 

2750 

3 000 

— 

250 

I 900 

I 900 

2 000 

2 000 

2 000 

2 200 

2 200 

2 200 

2 400 

2 600 

300 

1 583 

1 583 

I 666 

I 666 

1666 

j 833 

1 833 

1833 

2 000 

2 173 

400 

I 187 

I 187 

1 250 

I 250 

i 250 

I 375 

I 375 

I 375 

I 500 

I 625 

500 

950 

95 ° 

I 000 

I 000 

I 000 

I 100 

I 100 

I 200 

I 300 

I 400 

600 

791 

791 

833 

833 

833 

916 

916 

I 000 

I 100 

I 173 

750 

633 

633 

666 

666 

666 

733 

733 

800 

866 

933 

[ 000 

475 

475 

500 

500 

500 

550 

550 

600 

650 

700 

1 250 

400 

400 

440 

440 

440 

480 

520 

520 

520 

560 

I 500 

366 

366 

400 

400 

400 

440 

470 

470 

470 

500 

2 000 

300 

300 

300 

300 

300 

325 

350 

350 

350 

375 

2 500 

240 

240 

240 

240 

240 

260 

280 

280 

280 

300 

3 000 

— 

200 

217 

233 

233 

233 

250 

250 

270 

270 

4 000 


150 

157 

175 

175 

175 

187 

187 

200 

200 

5 000 

— 

120 

130 

140 

140 

140 

150 

150 

160 

160 

6 000 

— 

II7 

117 

125 

125 

125 

133 

133 

141 

141 

7500 

— 

93 

100 

107 

107 

1 107 

no 

no 

120 

120 

10000 

— 

— 

— 

90 

90 

90 

90 

90 

100 

100 

12 500 

— 

— 

— 

80 

80 

80 

80 

80 

80 

80 

15 000 

— 

— 

— 

70 

70 

70 

70 

70 

70 

70 

20 000 

— 

— 

, — 

50 

50 

50 

50 

50 

50 

50 

25 000 

— 

— 

— 

40 

40 

40 

40 

40 

40 

40 

30 000 

1 



35 

35 

35 

35 

35 

35 

35 


All the figures in this table are hosed on average reactance values for standard transformers. 
If the actual value is known for any particular transformer, it should he converted to the 
100 000 kVA hose figure using the formula indicated earlier. 


CABLES 

At this point we shall be concerned only with cables for use on systems 
where the voltage is 3’3 kV and above, leaving those for systems in the 
400-600 volt range for later consideration as it is necessary to take into 
account other factors. 

As indicated earlier, tables as issued by cable manufacturers give values 
in ohms and these are in terms of per mile or per i 000 yards. 

Not only is it necessary to convert the ohmic values to percentages 
on our selected base of 100 000 kVA but it is often inconvenient to deal 
in lengths of one mile or i 000 yards and therefore Tables 3 : 3 and 3 : 4 
have been prepared on the basis of per yard thus permitting a simple 
multiplication by the number of yards in a given example. 
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These tables include both resistance and reactance values for the reasons 
noted earlier and in the worked exarhples later it will be shown how t^ese 
are used in a calculation. 

The formula on which these tables are based has been given on page 20. 
On the basis of per yard and a base of 100 000 kVA, any manufacturer's 
table giving values in ohms per 1 000 yards can be converted by the simple 
process of multiplying the ohmic values by one of the following factors: — 


Voltage of system 

Multiplying factor 

400 

62-5 

415 

58*0 

440 

51*5 

500 

40-0 

550 

33*0 

600 

28*0 

3 300 

0*918 

6 600 

0*229 

II 000 

0*0826 

22 000 

0*0207 

33000 

0*009 


and it is these factors which have been applied to published tables for 
J. & P. cables to produce Tables 3 : 3 and 3 : 4. 


Table 3 : 3 

MULTICORE PAPER INSULATED (bELTED) CABLES WITH 
COPPER OR ALUMINIUM CONDUCTORS TO B.S.480 : I954. 



Percentage resistance and reactance 
per yard on a 100 000 kVA base 

Cable 

3300 V 

6 600 V 

1 1 000 V 

sq. in. 

Resistance 

React. 

Resistance 

React. 

Resistance 

React. 


Cu 

A 1 

Cu&Al 

Cu 

A 1 

Cu&Al 

Cu 

Al 

Cu & Al 

0*022 5 

1*055 

1*144 

0*072 5 

0*264 

0-437 

0*019 5 

0-095 

0 -IS 7 

0*008 6 

0*04 

0*590 

0-976 

0*065 I 

0*149 

0-344 

o*oi8 5 

0*053 

0*088 

0*006 8 

0*06 

0*390 

0*644 

0*062 4 

0*097 

0*161 

0*017 0 

0*035 

0*058 

0*006 5 

0*10 

0*232 

0-383 

0*059 7 

0*058 

0*096 

0*015 6 

0*021 

0*034 

0*006 

0*15 

0*160 

0*240 

0*057 0 

0*041 

o*o86 

0*015 0 

0*014 3 

0*026 

0*005 8 

0*20 

0*121 

0*197 

0*055 I 

0*030 

0*049 

0*014 5 

0*010 8 

0*017 8 

0*005 5 

0*25 

0*096 4 

0*158 

0*054 

0*024 

0*039 

0*014 2 

0*008 

0*014 

0*005 4 

0*30 

o*o8o 

0*129 

0*054 

0*020 

0*032 

0*014 0 

0*007 

0*012 

0*005 3 

0*40 

0*059 4 

0*097 

0*053 

0*015 

0*024 

0*013 8 

0*005 

0*009 

0*005 2 

0*50 

0*050 

0*080 

0*053 

0*012 6 

0*019 

0-013 5 

1 0*004 

0*007 

0*005 I 


NOTES : — (i) Allowances are made for lay. 

(2) Resistance values based on a temperature of 20°C (68®F). 

(3) Reactance values are at 50 cycles! second. 

(4) Reactance values of all cables are for belted types. For 11 kV screened 
earthed types values may be increased by 5% and for 11 kV screened 
unearthed types by io%'. 
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Table 3 : 4 

MULTICORE PAPER INSULATED (SCREENED) CABLES WITH 
COPPER OR ALUMINIUM CONDUCTORS TO B.S.480 : I954. 


Cable 
size 
sq. in. 

Percentage resistance and reactance 
per yard on a 100 000 kVA base 

22 000 V 

33000 V 

Resistance 

Reactance 

Resistance 

Reactance 


Cu 

A 1 

Cu&Al 

Cu 

A 1 

Cu&Al 

000 

6 6 

0 

0-013 4 
o-oo8 8 
0-005 2 

0-022 

0-015 

0-008 

0-002 2 

0*002 0 
0*001 9 

0*002 3 

0-003 7 

0-000 9 

0*15 

0*20 

0*25 

0-003 6 
0-002 7 
0-002 2 

0-006 

0-005 

0*004 

0*001 7 
O-OOI 7 
O-OOI 6 

0*001 6 
O-OOI 2 
0-000 9 

0*002 6 

O-OOI 9 
O-OOI 5 

0-000 8 
0-000 8 
0-000 7 

0*30 

0*40 

0*50 

o-ooi 8 
0-001 3 
o-ooi I 

0-003 

0*002 

O-OOI 8 

O-OOI 6 
0*001 5 
0*001 5 

00 vO 
000 
000 
000 

bob j 

0*001 3 
0-000 9 
0-000 7 

r- 

000 

000 

pop 

bob 


NOTES:— 


(1) Allowances are made for lay, 

(2) Resistance values based on a temperature of 20^C (68°F). 

(3) Reactance values are at 50 cycles /second, 

(4) Reactance values are for screened cables, 22 kV cables of the belted 
type are available in the range 0*04-0‘3 sq. in, and have reactance values 
approximately 8% less than for screened cables, 22 kV and 33 feV 
cables of the SL or SA types will have reactance values approximately 
20/25% greater than for screened cables. 


With these tables available, short-circuit calculations can now be made 
as shown in the following worked examples, starting with the very simple 
system shown in Fig. 3-3, Here, a single generator is connected to a busbar 
system to supply a number of outgoing feeder circuits, and it is assumed 



SOOOkVA GENERATOR 
240% ON lOOOOOkVA 
FROM TABLE 3 : 1 


Fig. 3 - 3 . 
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that a fault (Fi) may occur on one of the feeder circuits at a point close up 
to the circuit-breaker or alternatively the fault may occur on the busbars (f'a). 
If the fault is at Fi, then the circuit-breaker on that feeder must clear the 
fault, while a fault at F2 must be cleared by the circuit-breaker in the 
generator circuit. 

In this example the only impedance to the fault is that of the generator. 
As noted earlier resistance (R) for generators may be assumed zero while 
the reactance (X) on a 100000 kVA base is shown in Table 3 : i as 240%. 
The impedance (Z) therefore will be 

Z=R +jX 
= VR^'2 
= Vo® +240^ 

=240% 

The formula to obtainjthe fault value is: — 

oi_ ^ • -^XAXTA kVAbase.ioo 

Short-circuit MVA= — = 

Z.i 000 

and as all our calculations will be on a 100000 kVA base, this can be 
simplified to: 

S.C MVA^ 

Z . I 000 z 
Therefore, for this example in Fig, 3-3 we get: — 


S.C. MVA= 


-=41 •66 MVA 


It has been indicated earlier that the choice of kVA base does not affect 
the result and the simple example in Fig. 3-3 is a suitable one to use for a 
demonstration of this fact. Let us assume therefore that a base kVA equal 
to the machine rating is chosen, i.e. 5 000 kVA. In this case, the impedance 
will be the normal value, namely 12 per cent and we now get 

S.C. MVA= 5 -?? 5 ^i 5 ?= 4 i -66 MVA 

12 • I 000 

which is the value obtained when calculating on the 100 000 kVA base. 



GENERATOR 
0 +i 240 % 

FROM TABLE 3 ; 


Fig. 3-4. 

As a network becomes more complicated the system of impedances is 
more readily visualised if they are redrawn in the form of an impedance 
diagram. Thus in the simple example of Fig. 3-3, the impedance diagram 
would appear as in Fig. 3-4. 
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Let it now be assumed that instead of one generator there are three and 
that each has a different rating, the electrical system appearing as in Fig. 3-5 
and the impedance diagram as in Fig. 3-6. In this example there are three 
impedances in parallel, each of different value and a single equivalent must 
be obtained equal to the reciprocal of the sum of the reciprocals, thus: — 

I 


+ . h - 

0+j240 0+JI20 O+JI60 

= o+joi78’^=°+j53-33% 



Gl G2 G 3 


G1— 5 000 
G2— 10 000 
G3— 7 500 


kVA— 0-f j 240%^ 
kVA— 0+j 120% 
kVA— 0 + 1 160% 


FROM 
TABLE 3 : 


1 


Fig 3-5 



Fig. 3-6. 


Fig. 3-7 


The impedance diagram is therefore now reduced to that shown m 
Fig. 3-7 and the short-circuit value, assuming a fault on one of the feeder 
circuits at a point close up to the circuit-bresier, will be: — 


S.C. MVA= 


10000 



10000 

53-33 


“187*5 mva 
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Developing the calculations a stage further, it is assumed that one of the 
feeder circuits gives supply to a substation * and that the cable between 
the two points is of 0*30 sq. in* section, the conductors being copper and 
the length being i 500 yards. The electrical system is therefore as shown 
in Fig. 3-8 and it will be our purpose to ascertain the fault value which can 



Fig. 3-8. 


appear at the substation busbars as indicated. The impedance diagram for 
this system will be as in Fig. 3-9 comprising three impedances (generators) 
in parallel and one (feeder) in series. Using the data previously obtained, 
the impedance network can at once be reduced to Fig. 3-10 which shows 
two impedances in series and as these may be added arithmetically, a single 
equivalent diagram appears as in Fig. 3-1 1. 

It will be noted in this example that the resistance and reactance factors 
have been taken into account in dealii>|f with the cable and the values given 
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in the various diagrams have been derived from the per yard figures in 
Table 3 : 3 and multiplied by the length, 1 500 yards. 

Fig. 3-1 1 shows that the total impedance to the fault is: 

30 +j74 -33% 

= ^302+74*332 

-^^6420 -=8o*I2% 

andjthe^short-circuit value at the substation busbars will be 

S.C. MVA-=^^ -124*8 MVA 

8o*I2 




Fig. 3-10. 



30 ♦ j 74*33 


Fig. 3-1 1. 
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The approximate power factor at the fault may be deduced as follows: — 


P.F. 


R _ 30 _ 
Z 8o-I2 


0-374 


At this point it is of interest to consider what effect the resistance of the 
cable has had on the result. Had this not been taken into account the 
short-circuit value would have been: — 


S.C. MVA- ^ 1 34-6 MVA 

74-33 

a figure nearly 7-85 per cent greater than when resistance is included, 

If now it is assumed that instead of one feeder giving supply to the remote 
substation there are two, each of the same sectional area and long th, the 
electrical system would be as shown in Fig. 3-12 cind the impedance diagram 
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as in Fig. 3-13. There are now two groups of parallel impedances in series; 
the equivalent single impedance for the generators has been determined 
previously by the formula given for unequal parallel impedances and while 
this may be used to ascertain the equivalent for the two feeder cable 
impedances it is simpler to note that these are equal and this being so, the 
equivalent value will be one-half the individual value of one cable. The 
impedance diagram may therefore now be reduced to Fig. 3-14 and in turn 
to Fig. 3-15 and the impedance to the fault will be: — 

15 +j63-83% 

=^4295 =65-53% 

and the short-circuit value at the substation busbars will be: — 

S.C. MVA=- - 152-6 MVA 

65-53 

demonstrating that the use of two feeder cables to the substation increases 
the fault value. 

The introduction of power transformers into the electrical system does 
not complicate the calculation. By way of example one of the remaining 
feeder circuits in Fig. 3-5 might well control a transformer of say 2 500 kVA 
rating as shown in Fig. 3-16 and it is required to determine the short-circuit 
value at a point just beyond the transformer for the purpose of selecting a 
circuit-breaker to install at this point. Using the reactance value of the 
transformer as given in Table 3:2, the impedance diagram for the system 
will be as shown in Fig. 3-17 which at once reduces to Fig. 3-18 by 
addition of series values, and the short-circuit MVA at the fault will be: — 

S.C. MVA--— =34-1 MVA 

293-33 

A very interesting method to illustrate the value of impedance diagrams 
and their reduction to a single final impedance value is one in which the use 
of busbar reactors is employed in order to reduce the fault MVA under 
short-circuit conditions. 



GENERATORS A. B, C— 30 000kVA REACTORS 5% ON 30 000kVA 

0-f j 50% FROM TABLE 1 =16*66% ON 100 000 kVA 

Fig. 3-19. 





SHORT-CIRCUIT CALCULATIONS 


33 


Fig* 3-19 is typical of this arrangement and by calculations as previously 
demonstrated it can be shown that if the busbar reactors are omitted, the 
fault value with all three machines in operation would be of the order df 
600 MVA. With reactors installed, the first step is to set down the diagram 
in impedance form for three fault conditions, namely for faults at the points 
Fa, Fb and Fc, and this has been done in Fig. 3-20. As in this example 
we are not concerned with resistance values, only the reactance figures are 
indicated. 



Fig. 3-20 (c) 


For a fault at Fa, the first step is to solve the parallel values 50, 50 and 
1 6*66 to busbars B and C, as follows: - 


+ 


50 50+16*66 

I 

0*02+0*015 

The diagram now reduces to Fig. 3-21 a study of which reveals a further 
parallel network solved as follows: — 


-28-60o 


50 28*6+16*66 

I 


23*8% 


0*02 + 0*022 

which can be shown in the resultant diagram Fig. 3-22 arid the short-circuit 
value for a fault at Fa will be: — 

10000 


S.C. MVA= 


23*8 


=420 MVA 
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For a fault at Fb we have a simple case of parallel values which can be 
reduced in one step to an equivalent as follows: — 

I 


_| ^ 

50+16*66 50 50+16*66 


0*015+0*02+0*015 

shown in diagram Fig. 3-23 and giving a short-circuit value of 

S.C. MVA 500 MVA 

20 




Fig. 3-22. 



Fig. 3-23. 


For a fault at Fc, this clearly will be the same as for Fa as w have a 
symmetrical system and the value will therefore be 420 MVA. \j 

In addition to demonstrating the use of network reduction this example 
shows how the introduction of current limiting reactors results in a worth- 
while reduction in fault values. This is not always an economical procedure 
and later in this chapter some notes will be included as to their use. 

So far, the examples given have covered impedances in series and parallel 
branches. There are many instances where the impedances are connected 
either in star or in delta and in such cases network reduction is achieved 



Fig. 


3 - 24 * 
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by the use of two three terminal transformations by means of which the 
three impedances connected in star may be replaced by an equivalent delta 
connected group or vice versa. 

The delta/star transformation is the easiest manipulation and if the 
three values Z12, Z23 and Z31 as in Fig. 3-24 are known, the equivalent 
star values Zi, Z2 and Z3 can be determined from: — 

rj _ Z12 Z13 

^~Zi 2 +Z 23 +Z 3 i 

7 _ Z23 Z12 

^ Z12+Z23+Z31 
^ Z31 Z23 

^ Zi 2 H-Z 23 +Z 3 i 


2 2 



Alternatively, given the three values Zi, Z2 and Z3 in a star-connected 
group as Fig 3-25, the equivalent delta values are determined from: — 

Zl2-Zl+Z2 + -%^^ 

Z3 

Z23=Z2+Z3+?^ 

Z3i-Z3+Zi+?|^ 

To demonstrate the use of a delta/star transformation an electrical layout 
such as that shown in Fig. 3-26^ may be used, where four generators are 
tied to a ring busbar with reactors in the busbars. In this diagram the values 
given are those on our chosen base of 100000 kVA. 

The fault is assumed to occur on the busbars at the point F. The 
calculations would apply equally for a fault on the adjacent feeder circuit 
at a point close up to the circuit-breaker. 

The impedance diagram for the system is shown in Fig. 3-27 a study 
of which reveals two delta combinations comprising the impedances: — 

75 : 65 : 100 
100 : 80 : 100 

*Thi5 example and the subsequent diagrams Figs. 3-27/3-35 inclusive are reproduced from 
**The Calculation of Faults Currents in Electrical Networks*' by permission of the publishers, 
Sir Isaac Pitman and Sons Ltd. London. 




SHORT-CIRCUIT CALCULATIONS 


37 


and the first step will be to convert one of these groups to a star formation, 
introduce it into a new diagram before converting the other group, th(C 
values of which will be revealed. 




Fig 3-28. 


Taking the first group 75, 65 and 100 the calculation, using the formula 
given, is:-“ 


7i- ' 75 - 6 S 

75 + 100+65 

20*3 

22- 

75 + 100+65 

3^-25 

7 _ • 100 

^ "75+ 100+65 

27*08 



The result of this calculation is shown in Fig. 3-28 and a new network 
diagram is now produced as in Fig. 3-29 in which the star formation has 
been introduced. In this diagram there are impedances in series, i.e. (20-3 
and 80) and (27*08 and 80) and adding these arithmetically enables the 
impedance diagram to be reduced to Fig. 3-30. 
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This reveals that the other delta group now comprises the value 5 ^ 

31-25 : 107*08 : 100 

Calculating as before, the equivalent star group will be as shown in 
Fig- 3“3i this is introduced in the network diagram as in Fig. 3-32. 
Adding the series values in this diagram results in Fig. 3-33 which shows 
two values 114*34 and 109*9 parallel and the resultant of these is: — 


114*39 109*9 

leaving the network as shown in Fig. 3-34. 

The parallel values now shown are again resolved thus: 


-f- - — 

75 13*1+56 

leaving a final impedance diagram as m Fig. 3-35 and the short-circuit 
value for a fault at F will be: — 


S.C. MVA =278 MVA 

35-96 



Fig. 3-34. Fig. 3-35. 


In the examples based on Figs. 3-8 and 3-12, transmission of power 
has been assumed to be by means of three-core cables for which reactance 
values have been given in Tables 3 : 3 and 3:4. In many instances, and 
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particularly in the higher voltage range 33-275 kV, transmission will be by 
means of overhead lines and while this will not modify the means by which 
calculations are made, no reasonably simple tables equivalent to those for 
cables can be given to cover all the possible variants of spacing and formation. 
An approximate formula to give the reactance per phase at 50 cycles per 
second is: 

D 

R 

where H is a constant and D is the spacing between conductors when 
uniform. 

When, in a three phase system, the conductors are not spaced at the corners 
of an equilateral triangle, D must be taken as 

3 _ 

Vabc 

where a, b and c are the spacings of each pair and R is the radius of 
cross-section of the conductors. 

Dimensions D and R (and a, b, c, if used) must all be in the same units. 


The constant H is taken as follows: 

Solid conductors . . . , . . . . 0*0253 

3 strand . . . . , . . . . . . . 0*0378 

7 strand . . . . . . 0*0321 

19 strand , . . . . , . . . . 0*0280 

37 strand . 0*0267 

61 strand . . . . 0*0264 


and from this it will be clear that innumerable tables would be necessary 
to cover every possibility. 

Two authors have, however, offered a table of average figures which are 
sufficiently accurate for short-circuit calculations of the type with which 
we are concerned. Table 3 : 5 has been compiled on the basis of the 
figures given by these authors.* 


X ^H-l 0*233 logi, 


j ohms per mile. 


” Rupturing Capacity and Plant Impedance’* by E. A. Beavh **The Electrician” 12th August, 
1940. 

”The Calculation and Design of Electrical Apparatus” by W. Wilson, 2nd Edition 1940 
Chapman and Hall Ltd. 
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Table 3 : 5 

OVERHEAD COPPER CONDUCTORS. 

Percentage resistance (R) and reactance (X) per yard on a lOO ooo kVA base 

^•3kV 6 6 kV II kV ~~ 22 kV 

r 'x R X R X R X 

0-454 0*321 0-II3 0-o8o 0*041 0*029 0*010 2 0*0075 

0*227 0*301 0*057 0*075 0*020 0*027 0*005 I 0*007 I 

0*152 0*291 0*038 0*073 i 0*014 0*026 0*0034 0*0069 

0*113 0*283 0*028 0*071 I 0*010 0*025 5 I 0*0025 0*0067 

0*091 0*277 0*023 0*069 o*oo8 0*025 I 0*002 1 o*oo6 6 

0*075 0*269 0*019 0*067 ' 0*007 0*024 2 I 0*0017 0*0064 

0*40 0*057 0*261 0*014 0*065 0*005 0*02361 0*0013 0*0062 

0*50 0*046 0*257 0*012 0*065 0*004 0*023 I 0*001 o 0*006 1 


33 kV 66 kV 132 kV ‘ 

— j _ — por 

R 1 X R X R X aluminium 

L conductors 

0*004 0*003 3 — I ~ the resis- 

0*002 3 0*003 2 0*000 57 0*000 84 - — tance values 

0*0015 0*0031 0*00038 0*000 81 0*000095 0*000 22 increase 

' by 60%. 

0*0011 0*0030 0*00028 0*00079 0*000071 0*00021 Values not 

0*0009 0*0029 0*00023 0*00078 0*000057 0*00021 seriously 

0*000 7 0*002 8 0*000 19 0*000 76 0*000 047 0*000 2 altered 

for steel 

0*000 6 0*0027 0*00014 0*00074 0*000036 0*000 2 cored lines. 

0*000 5 I 0*002 7 I 0*000 12 0*000 73 0*000 029 0*000 19 1 


Mention has already been made of the use of reactors as a means of 
introducing additional reactance for the purpose of reducing fault values. 

This practice is usually adopted in order to take advantage of a standard 
switchgear rating or to protect older switchgear which has an inadequate 
rating when additional generating plant is added. In this discussion it is 
not intended to consider reactor design but only their use. It may however be 
noted that two types are in general use, namely an iron cored type and an 
air cored type. 

The rating given to reactors is usually in percentage terms and, on a three 
phase system at 6 600 volts, a 20 per cent reactor is one which will have a 
voltage drop of 763 volts across it with full load current flowings i.e. 20 per 
cent of line to neutral volts, in this case of 3 815 volts. 

In general, reactors should be located at points in the network where 
they can be most effective. Very few occasions arise where it is necesipry 
or desirable to add reactance in a generator circuit as modern machines 
have sufficient inherent reactance to enaUttiihem to withstand the forces 


jConductorl 
size I 
I sq. m I 

! 0*05 j 

i 0*10 
0*15 

0*20 

0*25 

I 0*30 

I 

I 0*40 
0*50 


I Conductor 
I size 
sq. m 


0*05 

0*10 


0*20 I 
0*25 I 
0*30 


o 
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of short-circuit. If modern machines are to be paralleled with older ones, a 
case may arise where added reactance in the circuits of the older machines 
will give protection and give them roughly the same characteristics as the 
new machines. 

Reactors installed in individual feeder circuits are not an economical 
proposition as often a considerable number of feeders are involved. A good 
case, however, can be that of a group feeder (see Fig. 13-9, Chapter XIII) 
where the added reactance is essential to protect a group of circuit-breakers 
of low breaking capacity. Similarly, an interconnector between new and 
old sections of an installation may profitably include a reactor and thus 
avoid the need to replace older circuit-breakers. 

Feeder reactors have the advantage of localising the disturbance to the 
feeder on which trouble occurs, a point of importance where synchronous 
machines are in service. The usual value of reactance for feeder circuits 
is of the order of 3 to 5 per cent based on the normal current loading of the 
circuit. Here it should be noted that with loads of poor power factor, 
serious interference with regulation can arise but at or near to unity power 
factor the effect on regulation is negligible. This is indicated in Table 3 : 6 
below. 


Table 3 : 6 

INCREASE IN REGULATION. 


Added 

reactance 

percentage 

I *0 p.f. 

0-9 p.f 

0-8 p f. 

1 

0-5 pf 

1 

I 

— 

0*4 

0*5 

, 075 

2 


0*75 

I-IS 

' 1-5 

3 


1*25 

1*75 

2*4 

4 

O-I 

1-6 

2 '4 

3*25 ' 

5 

0-15 

2*2 

3*0 

4*1 

6 i 

0-2 

27 

3*75 

5*0 

7 

0-25 

32 

4*5 

6-0 

8 

0*3 

375 

5*15 

7-0 

9 

0*4 

4*3 , 

, 5*8 

8-0 

10 

0*5 

5*0 1 

1 

6-6 

1 

Q-O 1 


It must be borne in mind too that added reactance also affects the power 
factor and this is demonstrated in Fig. 3-36. 

The alternative location for reactors is in the busbar system and three 
typical methods are noted in Chapter XIII, Figs. 13-14, 13-15 and 13-16. 
These schemes give protection in the event of faults on the busbars, generators 
or feeders and if suitably chosen, trouble on one section will not disturb 
the voltage on adjacent sections due to current flow to the faulty section, but 
the reactors must permit the interchange of current to equalise the generator 
loadings. The current normally carried is generally small and the losses 
are not high nor is the regulation seriously affected. On the other hand, 
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there must be a difference in phase angle between busbar sections, a difference 
which may be appreciable between the extreme ends of a large installation. 

The following example is included to show how the value of a busbar 
reactor may be determined. Fig. 3-37 shows an installation comprising to 



TOTAL REACTANCE 

Fuj 3-36 Effect of added reactance on power ~f actor 
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the left, an existing system of two 5 000 kVA generators with appropriate 
outgoing feeders. A simple calculation here will show that the fault value 
under the original circumstances woulc} be 83 *3 MVA and because of this 
switchgear rated at 100 MVA was installed. 

It is now intended to take additional supplies in bulk, by way of two 
10 000 kVA transformers and it is obvious that unless additional reactance 
is introduced between the new and the old plant, the breaking capacity of 
the existing switchgear will be far from adequate, as the two transformers 
can contribute a further 222 MVA. The value of this additional reactance 
may be calculated as follows, the calculations being on our 100 000 kVA base. 

Total reactance necessary to loo.kVA base 

safeguard existing switchgear ^ 1 

MVA rating or switchgear . i 000 


100. 100 000 
100. 1 000 


100" 


Reactance of existing 
machines in parallel 

Reactance of new 
transformers in parallel 

The value of X is 
calculated from 



240 

120^% 


2 


90 

2 

-45% 


^ -h 

120 

I I 

45-l-X 100 

I 

I 

I 

4S + X 

100 

120 


6 

5 I 


600 

600 600 

45+X- 

^600 



1 e 

and X— 555% on a 100 000 kVA base 

If it is assumed that the reactor rating is 5 000 kVA then X at this 
rating will be — 

5000 


100 000 


.555 27'%, approx 


Up to this point our calculations have been concerned with svstems at 
3 300 volts or higher and it is necessary now to consider the equally important 
problem of fault values which arise on systems in the 400-600 volt range 
Here the principles previously outlined do not vary but it is important to 
ensure that every factor contributing to impede the fault current be taken 
into account and more particularly the often considerable effect of cable 
connections Too often it is thought that say, 31 o MVA at 415 volts is 
an easy rating as compared, say, with 1 50 MVA at 6 600 volts or 250 MVA 
at 1 1 000 volts and in voltage terms perhaps this immediate thought is 
lustihed 

If, however, these MVA values are converted to current, a different 
picture emerges as it is then found that 150 MVA at 6600 volts and 
250 MVA at II 000 volts are each equivalent to a symmetrical r m s 
current 13 100 amperes whereas 31 MVA at 41s volts is equivalent to 
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43 300 amperes. These, then, are the values that the circuit-breakers on the 
respective systems must be capable of ' ‘breaking' ^ On “making", howeVer, 
the current values may be from 2 to 2*55 times as great, depending upon 
power factor. These latter currents are known as the initial peak currents 
which occur in the first half-cycle of short-circuit and the switchgear designer 
is concerned not only with the interrupting ability of the circuit-breaker 
but also with the electromagnetic and thermal stresses on busbars, connec- 
tions and other apparatus, caused by such heavy currents. 

This brief comment, therefore, emphasises the need for reasonably 
accurate assessments of fault values at the lower voltages* if only for economic 
reasons. Later in the chapter it will be shown how important it is in relation 
to the cables connected to l.v. switchgear bearing in mind that these have 
also to carry the current, withstand the electromagnetic forces and keep 
within safe temperature limits. 

It is always possible to arrive at a maximum fault value by taking the 
transformer kVA rating and its reactance or impedances and calculating 
from the simple formula: — 

o T. iTx 7 A transformer kVA. 100 

o.C. MVA-- 

percentage reactance . 1 000 

and unfortunately this is often the practice adopted to arrive at a rating 
to include in a switchgear purchasing specification and results regularly in 
a tender for gear of higher rating than can be justified by facts, and of course 
more costly. The use of this formula can only be accurate for a fault right 
at the transformer secondary terminals and only then if a solidly bolted 
short-circuit can be envisaged, a condition which can be produced, or nearly 
so, in a short-circuit test plant but most improbable in service. If there are 
two or more transformers in parallel then it becomes an impossibility. 
However, it is interesting at this stage to see what MVA values may be 
calculated by this means and Table 3 : 7, below, is designed to show these 
for a range of transformers which are normally used at main l.v. supply 
points to industrial or domestic users, where the primary voltage does not 
exceed 1 1 000 volts. 

Table 3 : 7 

FAULT VALUES AT TRANSFORMER TERMINALS. 


Single 

transformer 

Two transformers 
in parallel 

Three transformers 
in parallel 

Four transformers 
in parallel 

kVA 

S.C. MVA 

kVA 

S.C. MVA 

kVA 

S.C. MVA 

kVA 

S.C. MVA 

400 

8-42 

— 

— 

— 

— 

— 


500 

10*5 

— 

— 

— 

— 

— 


750 

iS-8 

2X 400 

i6-8 

— 

— 

— 

— 

I 000 

21-0 

2 X 500 

21*0 

3x400 

25*26 

— 

— 

I 250 

25-0 

2X750 

31-4 

3x400 

25*26 

4X 400 

33-7 

I 500 

27*3 

2x750 

31-4 

3x500 

31*5 

4X400 

33-7 

2 000 

33-33 1 

! 1 

2 X I 000 

42*0 

3x750 

47*4 1 

4X 500 

42*0 


*This presentation of l.v. short-circuit calculations follows a pattern devised by the author in a 
book written by him for The Belmos Co, Ltd. (see bibliography). The Tables 3:7 to 3; 12 and 
some of the worked examples are similar except that a base of 100 000 kVA has been used 
instead of 10 000 kVA. This source is gratefully acknowledged. 
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Because the loss of one transformer out of a bank is not so wide-ranging 
in its effects as would be the loss of a single large unit; because of the 
operational flexibility afforded, and because of the lower normal currents 
to be carried by both switchgear and cables, many engineers prefer to use 
several transformers in parallel but in so doing, it should be noted that 
in some instances the short-circuit MVA will be higher for an equal total 
kVA capacity. Thus is shown in Table 3 : 7 where, for example, one 



H.V. NETWORK 

H.V. BUSBARS 
H.V. CABLE 

TRANSFORMER 

L.V. CABLE 

MAIN L.V. BUSBAR 
L.V. CABLE 

AUX. BOARD BUSBAR 
LV CABLE 

DIST. BOARD BUSBAR 


FAULT ATIFI LIMITED BY IMPEDANCES Z1 Z2 Z3 Z4 
FAULT AT F2 LIMITED BY IMPEDANCES Z1 Z2 Z3 Z4 Z5 
FAULT AT F3 LIMITED BY IMPEDANCES Z1 Z2 Z3 Z4 Z5 Z6 

Fig. 3-38. 
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2 00okVA transformer results in 33*33 MVA whereas if four 500 kVA 
transformers are used, the result is 42 MVA. Where transformers in parallel 
are used and high short-circuit values result, sectionalised busbars should 
always be resorted to and the normal operating condition would be to run 
with the sectionalising switch open, eflFectively dividing the system into 
two (or more) parts with consequent reduction in MVA values on each 
section. A later example will demonstrate this point. 

Based on Table 3 : 7 it is noted that if calculations arc made on the basis 
of the transformer reactance alone, then a single i 000 kVA transformer 
would dictate the need for 25 MVA switchgear and a single 2 000 kVA 
transformer would call for 35 MVA. But on medium voltage systems, this 
may well be unrealistic as there are often several other impedances in 
circuit which must tend to reduce the fault value. What these other 
impedances are will be clear from Fig. 3-38, and we can now proceed to 
tabulate these in preparation for some worked examples. 


H.v. NETWORK 

The earlier part of this chapter has been devoted to demonstrating the 
methods by which the impedance or reactance of the h.v. network can be 
deduced and from this, the fault value at the h.v. busbars. This impedance 
or reactance figure may be used in l.v. calculations or if it is not known 
exactly, the MVA rating of the h.v. switchgear may be used in the following 
formula to give the equivalent percentage reactance of the h.v. network. 


Equivalent percentage reactance 
of h.v. network 

*(or MVA rating of h.v. switchgear). 


base kVA>ioo 

known MVA* at h.v. busbars . i 000 


Base kVA in our calculations has been fixed at 100 000 kVA and on 
this basis, Table 3 : 8 is compiled for later use. 

Table 3 : 8 


. Known calculated MVA or 
breaking capacity rating of h.v. 
switchgear 


Equivalent percentage reactance 
of h.v. network on a 100 000 kVA 
base 


50 * 

200 

75 * 

133*3 

100* 

100*0 

125 

' 80 -o 

X50* 

66*6 

175 

57*0 

200 

50*0 

250* 

40*0 

300 

33*33 

350* 

28*7 

400 1 

1 ^ 5*0 

450^ 1 

22*22 

500* 

20*0 


MVA values marked * are standard h.v, switchgear ratings. 
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If the calculated MVA at the h.v. busbars is known, the figure in Table 
3 ; 8 nearest above should be used, e.g. if calculations give 278 MVA, use 
300 MVA in the table. This gives a small margin of safety. 

TRANSFORMERS. These have been dealt with earlier and Table 3 : 2 is 
applicable in what follows. 

CABLES (h.v.) Similarly, high voltage cables as given in Tables 3 : 3 and 
3 : 4 can be applied in the appropriate calculations for lower voltages. 

CABLES (l.v.) Percentage reactance tables for multicore cables can readily be 
calculated from manufacturers tables giving ohmic values using the formula 
noted on page 20 and Table 3 : 9 results, still using the selected base of 
100 000 kVA, and in values per yard. 

When the larger transformers noted in Table 3 ; 7 are employed, the 
normal current on the secondary side is comparatively high and the use 
of single core cables, often several in parallel per phase, is preferred as 
against the use of large three core cables. 


Table 3 : 9 

L.v. PAPER CABLES, 3 OR 4-CORE I lOO V, 50 c/s TO B.S.480 : I954 


Percentage resistance and reactance per yard on a 100 000 kVA base 


Cable 
size 
sq. in. 

400 

V 1 

415 V 

44c 

>V 

50c 

>v 

55 ° V 

600 V 1 

R 

X 

' ^ 

X 


X 

R 

X 

1 R 

1 X 

R 

X ' 

0-007 

222 

5-53 

* 207 

5*13 

* 184 

4 -S 7 

143 ' 

3*54 

118 

' 2-95 

99 

1 2-46 1 

0-014 5 i 

107 

5-05 

' 98-6 1 

47 

88 

4-i8 

68 

1 3*24 

51 

2-69 

47 

1 2-25 1 

0-022 5 

70-5 

4-83 

'65*3 1 

4-5 

58 

4-00 

45 

310 

37*6 j 

2-58 

31 

1 

0-04 

40-0 

4-42 

1 37*5 

4-06 

32*5 

3*66! 

25-2 

2-80 

21*1 1 

2-36 

17*5 

1 1*96 

o-o6 

26-0 

4*27 

24-1 

3*97 

21-5 

3*53 1 

i6-6 

2-74 

13*9 

2-28 

1 

11-6 

1 1*90 1 

o-io 

15*5 

4-11 

1 14*5 ! 

3-83 

12-8 

3*4 

lo-o 1 

2-64 

8-2 ' 

1 

2-19 

6-8 1 

1 1*83 

o-is 

10-6 

3*97 

1 9'8 

' 370 

8-6 

3*28 

6-76 

2*54 

1 5*6 , 

2-12 

4*7 

1-76 

0-20 

1 8-0 

3.92 

1 7*4 

3 92 

6-6 

3*25 

5*1 ' 

2-51 

4*34 

2-09 

3*5 

1*74 , 

0-25* 

1 

3*90 

1 5*8 1 

13-63 j 

5*2 

3*23 

4-0 

2-50 

3*37 

2 -08 

2-8 

1*73 

0-30 

5*3 

3-88 

1 4*9 

3-60 1 

! 

3*21 

3*4 

; 2-48 

2-82 

2-07 

2-35 

1*72 ; 

0-40 

4-0 

3*85 

3*7 , 

1 3’57 

1 1 1 1 
1 3 3 

3-i8 

2-56 

2-46 

2-14 

2-06 

1-8 

1-71 ' 

0-50 

3*4 

3 * 8 i 

3*1 1 

3-53 

2-76 

3*15 

2-13 

! 2-44 

1-78 

2-04 

1*5 

1-69 1 

o-6o 

2-83 

3-76 

2-6 1 

3-48 ' 

' 2-33 

3*10 

1-8 , 

2-40 

1-51 

2-04 

1-26 

1-67 

0-75 

2*4 

3*76 

2-2 1 

3-48 

2-0 

3*10 

1*53 1 

2-40 ^ 

1*30 

2-01 

i-io 

1-67 

i-oo 

1-9 

370 

1-8 1 

3-45 j 

1 

3-08 

1-22 

1 

2-38 

1 

' 1-02 

t 

1-98 

0-85 

t.-6sl 


NOTES: {i) Allowances mcde for lay. 

(2) Resistance values based on a temperature of 2o°C (68°F). 


To determine the reactance of such cables is a matter of some com- 
plication, the calculations necessary requiring a knowledge of spacing, 
sheath currents, how laid (i.e. in magnetic or non-magnetic ducts or in free 
air), together with other factors. The variables are therefore many, parti- 
cularly in the matter of spacing and formation where the possibilities are 
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almost unlimited. Some of the possible formations are noted in Fig. 3-39 
and assuming space is available it will be clear that the spacing '"S'" can’ be 
varied at will and indeed, as the reactance increases as the spacing is 
increased, this offers a means whereby additional reactance is obtained to 
assist in MVA reduction. The problem is further complicated where, as 


(•) 


I CABLE PER PHASE 
IN CLOSE TREFOIL 




2 CABLES PER PHASE 
IN TWO CLOSE TREFOIL GROUPS 


(9 


6 (b cb 


IN HORIZONTAL LINE 
I CABLE PER PHASE 


(rf) 


. VARIABLE . 


▼ y* fci X ^ w - 


IN HORIZONTAL LINE 
2 CABLES PER PHASE 


(e) 


if) 


R 

SIIkI 


c 

V 


7 ^ 

7 ^ 

\ r 

VARIABLE 


) K 

) \ 
< — s — > 

) A 


IN HORIZONTAL LINE 
2 CABLES PER PHASE 


IN VERTICAL LINE 
I CABLE PER PHASE 


it) 


1 4 ) 4 > ' 

i(|) 4)‘ 


IN VERTICAL LINE 
2 CABLES PER PHASE 


Fig. 3-39 . — Showing a few of the possible formations for single-core cables. 
Heavy currents may demand three such cables per phase. 

at (d), (e) and (g) in Fig. 3-39 there is more than one cable per phase which 
again may be on variable centres. In such cases a complex calculation is 
involved in which the multiple conductors per phase are first of all reduced 
to a single cable equivalent. 

It is for reasons such as these that reference books rarely give reactance 
tables for single core cables in the manner given for multicore types as it is 
manifestly impossible to do so for all possible variations. The simplest 
arrangements are those in Fig. 3-39 at (a), (c) and (f),i.e.one cable per phase, 
and Tables 3 : 10 and 3:11 have been compiled to cover these within 
narrow limits. The tables, for example, cover only the largest cable sizes 
as being those used most regularly in practice. No values of resistance 
have been given as these are so much smaller than the reactance values that 
they can be ignored in fault calculations and regarded as a small factor of 
safety. 

Should the need arise to include in any calculation the reactance value 
for other formations or spacings, or where more than one single core cable 
is used per phase, it is recommended that the appropriate data be sought 
from the cable supplier. 
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Table 3 : 10 


L V PAPFR LEAD SINGLE CORE CABLES UP TO 6oO V 50 C/S 
LAID IN C LOSE TREFOIL, CABLES TOUCHING AND ONE PER PHASE 

Reactance in percentage per yard on a loo ooo kVA base 


' 0*4 

4*75 

1 

4*41 

3 ' 9 i 

■ 

1 0-5 

4-65 1 

1 4-32 

3 83 

1 

0*6 

456 

4-23 

3 76 

1 

0*75 

4*51 

4*i8 

1 3-71 

1 

1*0 

4*43 

i 3*83 

3*65 



500 V 

550 V 

600 V 

3*04 

2*50 

2*10 

2-98 

2*46 

2*08 

2*92 

2*41 

2-04 1 

2-88 

2-38 

2-02 

2*84 

2*34 

1-99 1 


Table 3:11 


L \ . PAPER LEAD SINGLE CORE CABLES UP TO 
600 V 50 r/s — ONE CABLE PER PHASE RUN IN 
SINGLE LINE HORIZONTALLY OR VERTICALLY AS 
SHOWN 




Phase 

spacing 


Reactance in percentage per yard on a 100 000 kVA base 


in 

1 

sq in 

1 440 V 

41SV 

440 V 

j 500 V 

550 V 

600 V 

2 


6-87 

6-38 

5*66 

1 4-40 

3-63 

T08 

3 


8-31 

7*71 

6-85 

5*32 

4*39 

3-72 

4 

0-4 

9*25 

8-58 

7-62 

5*92 

' 4*88 

4*14 

5 


10-12 

9*39 

8-34 

6-48 

5*34 

4*53 

6 


10-68 

9-91 

8-80 

6-84 

5 64 

4-78 

2 


6-56 

6-09 

5-40 

4-20 

3 47 

“I 

2*94 1 

3 


7*93 

7*35 

6-54 

5'o8 

4-19 

3-56 

4 

0 5 

9-00 

8-34 

7-40 

5-76 

4*75 

4-02 

5 


9*75 

9*05 

8-05 

6-24 

5*15 

436 1 

6 


10-31 

9*55 

8-50 

6-60 

5*45 

4-62 

2 


6-24 

5*80 

5*15 

4-00 

3*30 

2-80 

3 


7-36 

6-94 

6-o8 

4-72 

3*88 

V 30 

4 

0 6 

8-55 

7*94 

7*05 

5*48 1 

4*52 1 

384 

5 


9-38 

8-70 

7*74 

6-00 

4*95 1 

1 4*20 1 

6 


10*00 

9-28 

8-24 

6-40 

5*27 

4*47 1 

2 


5*94 

5*51 

4-90 

3*60 

j 

3-14 

2-66 

3 


7*36 

6-84 ' 

6-06 

4*72 

3-89 

3*30 

4 1 

0 75 

8-24 

7*65 i 

6-8o 

5-28 

436 

3*70 

S 1 


9*05 

8*40 I 

7*45 

5*80 

4-78 

4*o6 

6 1 


9*68 

9-00 

7*98 

6-20 1 

5-12 

4*34 

8 


! 10-70 

9*91 1 

8-80 

6-84 

5-64 

4*79 

3 


6-63 

6-15 

5-46 

4*24 

3-50 

2*95 

^ i 


7*70 

7*12 

6-34 

4*92 

4'i6 

3*44 

5 


8-84 1 

7*84 ! 

6-95 

5*40 

4-45 

3*78 


I -oo 1 

9*05 ' 

8-40 1 

7-47 

5 *80 1 

4-78 

4*06 

0 

__ 1 ___! 


9*86 1 

9*15 

8’I4 

6*32 

5-21 

4*43 
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Bare copper conductors. As an alternative to the use of single core cables in 
heavy current applications, and particularly Where the transformer is 
immediately adjacent to the l.v. switchgear with perhaps only a fire wall 
intervening, it is often convenient to do away with cables and all the joints 
they involve and use bare copper conductors in the form of busbars to join 
the transformer to the switchgear. 

Here, as with single core cables, the values of reactance depend on 
spacing and formation and, in addition, on the cross-section and number 
of bars per phase. The detailed calculations are laborious and are outside 
the scope of this book but the interested readers requiring detailed informa- 
tion cannot do better than refer to a book published by the Copper Develop- 
ment Association entitled ‘^Copper for Busbars'' and to the many books or 
papers listed in the bibliography section of that book. 

Here, making a few assumptions which make for simplification. Table 
3 :12 has been included to give percentage reactance per yard run on our 
selected base for various busbar sections at a number of phase spacings. 
The errors which the assumptions introduce are such as to be on the safe 
side for the purpose of short-circuit calculations. As with single core 
cables, resistance values can be ignored as they are small compared with 
reactance. 



As a first example to demonstrate the use of the tables for calculating 
fault values at low voltages the simple system noted in Fig. 3-40, may be 
considered 
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Table 3 : 12 


0 

nii 

inn 

ml 

1 

BARE COPPER CONDUCTORS (3 -PHASE 50 C/s) PERCENTAGE 

u 

U LJ 

\jU U 

u 


REACTANC E PER YARD ON A 

100 000 KVA BASE 







1 


1 


A.C. current 
rating in air 

No 

Section 

Phase 







based on 5o“C 

of 

of each 

centres 

400 V 

41s V 

440 V 

500 V 

> 

0 

600 V 

rise on 35°C 

bars 

bar 

“S*’ 







ambient temp 


m. 


in. 







amps 




4 

7-1 

6-4 

5*7 

4*4 

3*3 

3*1 





5 

7*8 

7-0 

6*4 

4*8 

3*7 

3*4 


3 


6 

7 

8- 5 

9- 1 

7*8 

8*3 

6*9 

7*4 

5*4 

5*7 

4*0 

4*3 

3*7 

4-0 

2I7S 




8 

9-6 

8*7 

7*8 

60 

4*5 

4*2 





9 

10*0 

9*1 

8*1 

6*3 

4*7 

4*4 





3 

5*5 

5*1 

4*5 

3*5 

2-7 

2*4 





4 

6-5 

5*9 

5*3 

4*1 

3*1 

2-9 


1 - 

1 3 * i 

1 

5 

6 

7*3 

8*0 

6-7 

7*3 

6*1 

6*5 

4*6 

5*0 

3*5 

3*8 

3*2 

3*5 

1 2150 




7 

8-6 

7-8 

7*0 

5*4 

4*1 

3*7 





8 

9*0 

8*3 

7*4 

5*7 

4*3 

3*9 

1 




4 

6-1 

5*5 

4*9 

3-8 

2-9 

2*7 





5 

6-9 

6*2 

5*6 

4*3 

3*2 

3*0 

1 

3 

1 '»>' i 

6 

7 

7.5 

8*1 

6*9 

7*4 

6-2 

6-6 

1 4*8 

1 5*1 

3-6 

1 T9 

3*3 

1 3*6 

2750 




8 

8-6 

7*8 

7 0 

' 5*4 

4*1 

3*7 





9 

9-0 

8-3 

7*3 

5*7 

4*3 

3*9 





5 

6-4 

5*9 

5*2 

4*1 

3*0 

2-8 

1 




6 

7'i 

6-5 

5*8 

4*5 

3*4 

3*1 


4 

3'"i 

7 

8 

7*7 

8*2 

7-1 

7*5 

6*3 

6-7 

4*9 

5*2 

3*7 

3*9 

3*4 

3*6 

3100 




9 

8*6 

7*8 

7*0 

5*4 

4*1 

3*8 





10 

9*0 

8*3 

7*3 

5*7 

4*3 ! 

1 4*0 





3 

5*2 

4*8 

4*3 

3*3 

2*6 

I 2-3 ' 





4 

6*1 

5*5 

4*9 

3*8 

2*9 1 

1 2*7 





5 

6-9 

6*2 

5*6 

4*3 

3*2 

3*0 


1 

4<1 

6 

7*5 

7*0 

6-2 

4*8 

3*6 

3*3 

M75 




7 

8-1 

7*4 

6*6 

5*1 

3*9 

3*6 





8 

8-6 

7*8 

7*0 

5*4 

4*1 

3*7 





^ 

9-0 

?:3_ 

7*3 

_5:7 

4*3 

|_3*9 





3 

4*9 

4*5 

4*0 

3*1 

2*3 

2*1 





4 

5*7 

5*2 

4*6 

3*6 

2-7 

2*5 





5 

6-4 

5*9 

5*2 

4*1 

3*0 

2*8 


2 

4Xi 

6 

7*1 

6*5 

5*8 

4*5 

3*4 

3*1 

2490 




7 

7.7 

7*1 

6*3 

4*9 

3*7 

3*4 





8 

8*2 

7*5 

6-7 

5*2 

3*9 

3*6 





9 

8-6 

_ z:7 

7*0 

5*4 

4*1 

_3:8 





5 

6*2 

5*7 

5*1 

3*9 

3*0 

2*7 





6 

6-8 

6-3 

5*5 

4*3 

3*2 

3*0 


1 



7 

7*4 

6*7 

61 

4*6 

3*4 

3*2 


3 

4' i 1 

8 

9 

7*8 

8-2 

7*1 

7*5 

6-4 

6*7 

4*9 

S-2 

3*6 

3*9 

3*6 

3080 




10 

8-6 

8-0 

7*0 

5*5 

4*1 

3*8 





11 

9*0 1 

8*3 

7*4 

5*7 

1 

4*0 






12 

9*3 

8*5 

7*6 

_ 5:9 _ 

* 4*5 

4*1 





6 

6*3 

5*9 

5*2 

4*1 

3*0 

2*8 





7 

7*0 

6*4 

5*7 

4*4 

3*3 

3*1 





8 

7*5 

6*8 

6*1 

4*7 

3*6 

3*3 


4 

4Xi 

9 

7.9 

7*1 

6*5 

4*9 

3*8 

3*5 

3390 




10 

8-3 

7*5 

6-8 

5*2 

4*0 

3*7 





12 

T f 

8*9 

8*3 

7*3 

0 ^ 

5*7 
£ . 

4*2 

3*9 
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Following the procedure adopted for h v calculations this system can 
be redrawn as an impedance, diagram Fig 3-41, fioting how the impedance 
values have been set out against each item and from which table they are 



Fig 3 41 


taken Note also that the multiplier 25 against the value for the h v cable 
is the length in yards, while the multiplier against the value for 1 v cable, 
21/3, IS the length divided by 3 on account of the three cables in parallel 
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AS FIG. 3-40 



I 

I 

I 

I 

I 

+ 

I 


MAIN LV SWITCHBOARD 


CABLE 3 .CORE 
0 0145 SQ IN 415 V 
40 YARDS 


I 


> 

/ 

\ 

1 








Fig 3-42 


POWER DISTRIBUTION 
BOARD 



25 42 I 566 772 
AS CALCULATED FOR 
FIG 3-40 


CABLE (98-64-j4 7).40 



3 969 42-j 754 772 


POWER DISTRIBUTION 
BOARD 


Fig 3 - 43 . 


Fig. 3-44 
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The calculation proceeds by simply adding the impedance values (all in 
series) thus: — . 


H.V. network 

= 0 

+ 

j 66*6 

H.V. cable 

= 372 

+ 

j 0-462 

Transformer 

= 0 

+ 

j 475-0 

L.V. cables 

= 21*70 

+ 

j 24*71 

Z (Total) 

25*42 

+ 

j 566-772 


^ ^25*42^ 

+ 

566-772’ 


567-3% 



and the short-circuit value for a fault at the busbars of the l.v. switchboard 
or on one of the outgoing feeders at a point close up to the circuit-breaker 
as at F in Fig. 3-40 is: — 

S.C. 17-63 MVA 

567-3 

P.F. at fault= 5 =—-^— 0-0448 

z 567-3 

This calculation illustrates several points of interest: — 

(a) That instead of 21 o MVA as shown in Table 3 : 7 for a calculation 
based solely on the transformer impedance, we have the lower value 
of 17*63 MVA by including other factors, a reduction of some 15 per 
cent. 

(b) That the inclusion of the h.v. cable has affected this result to a very 
small degree only. 

(c) That the inclusion of the l.v. cables has had some effect if not large. 

As a second example it is convenient to extend the one just considered 
by assuming that it is required to ascertain the fault value at a power 
distribution board fed from the main l.v. switchboard, generally as shown 
in Fig. 3-42. The impedance diagram for this can be set down as in Fig. 3-43 
which reduces at once to Fig. 3-44 by adding the series impedances, and the 
calculation proceeds as follows:-- 

Z= 3969-42 -f j 754-772 
""■v'3 969-42®+ 754-772* 

- 4041% 

and the short-circuit value for a fault at the distribution board is: — 

S.C. MVA= =2-475 MVA 

4041 

A study of this example shows the importance of the length of cable 
between main and distribution boards and how the resistance of the 
relatively small cable plays a preponderant part, being more than five 
times the reactance. The power factor at this point of fault will be 

pj _R 39^_„ ,, 

Z 4 041 
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S6 


H.V. NETWORK 



11 kV 

H.V. SWITCHGEAR CALCULATED FAULT 
VALUE 175 MVA 


H.V. CABLES 3-CORE 0 0225 SQ. IN. 11 kV 
10 YARDS 


TRANSFORMERS 3x500 kVA 11 kV/415V 


L.V. CABLES 4-CORE 0-3 SQ. IN. 415 V 
2 IN PARALLEL PER TRANSFORMER 
16 YARDS 


MAIN L.V SWITCHBOARD 


L.V. CABLE 4-CORE 0-06 SQ IN. 415 V 
21 YARDS 


GROUP MOTOR CONTROL BOARD 



Fig. 3-45. 
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showing that where resistance is appreciable, the power factor will approach 
unity and the severity of fault clearance will be greatly eased. ^ 

It is appropriate now to consider the system in Fig. 3-45 when three 
transformers in parallel are used to give supply to a main l.v. switchboard, 
which in turn feeds a group motor control board and the latter in turn a 
sub-distribution board. It will be our purpose to ascertain the fault MVA 
at three points marked Fa, Fb and Fc. Translating to an impedance 
diagram we get Fig. 3-46 and the first step in a calculation of this type is to 
convert the impedances of the parallel cables between each transformer 
and the main l.v. switchboard into single equivalents and this reduces the 
impedance diagram to Fig. 3-47 down to the main switchboard (the 
continuing circuits omitted for convenience at this stage). 

This leaves three parallel circuits which can be reduced by the simple 
process of dividing by three as each circuit is equal and the result is shown in 
Fig. 3-48. This shows a simple series arrangement and the impedances 
can be added arithmetically thus: — 

H.V. network o + i 57*o 

H.V. cables 0*316 -f- j 0*028 

Transformers o + j 316*0 

LV cables 13*05 + j 9*6 

Z (Total) — I3‘366 r j 382*628 

It IS at once obvious that the reactance value is so large in comparison 
with resistance that for all practical purposes the latter may be ignored and 
the short-circuit value for a fault at or near to the main l.v. switchboard, 
as at Fa, will be 

S.C. MVA - - 26-14 MVA 

382*628 

If we look back to Table 3 : 7 it is noted that if the short-circuit value had 
been calculated on the basis of the transformers alone, the value would 
have been 31 *5 MVA so that by taking into account other factors the value 
has been reduced by just over 20 per cent and unless further plant capacity 
IS anticipated it would be satisfactory to install gear of 26 MVA rating instead 
of 31*0 or perhaps 35 MVA. 

To calculate for a fault at the group motor control board (indicated Fb) 
the impedance diagram can be drawn as in Fig. 3-49 and adding for a series 
circuit we get: — 

Impedance to main board “ 13*366 ^ j 382*628 

Cable =506-4 + j 83-37 

Z (Total) ■=5i9’77b + i 465*998 

--V5iq"*T^6* =698% 

and the short-circuit value for a fault at point Fn will be: — 

S.C. MVA--i^^- 14-33 MVA 
090 

At this point it is worthy of note that the cable between the main l.v. 
switchboard and the group motor control board has effectively reduced 
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H.V. NETWORK 0-Fj 57 
FROM TABLE 3 : 8 



H.V. SWITCHGEAR 


H.V. CABLES EACH 
(0-095+j 0 0086) . 10 
FROM TABLE 3 : 3 


TRANSFORMERS EACH 
0+j 950 

FROM TABLE 3 : 2 


L.V. CABLES EACH PAIR 

FROM TABLE 3 : 9 


MAIN L.V. SWITCHBOARD 


L.V. CABLE 
(24-1 -fj 3 -97). 21 
FROM TABLE 3 : 9 


GROUPiMOTOR^CONTROL BOARD 


L.V. CABLE 
(207+ j 5-1 3). 12 
FROM TABLE 3 : 9 


DISTRIBUTION BOARD 


Fig. 3 - 46 , 
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the fault value from 25 to 14*33 MVA and also to note that resistance now 
exceeds reactance, so that the power factor at the fault is high with every 
casement that brings: — 


R 5I9-766_^ 


= 0*745 


To continue, for a fault at the sub-distribution board (Fc) the impedance 
diagram is redrawn as in Fig. 3-50 and again adding for a series circuit 


we get: — 


Impedance to group motor control board = 519-766 +j 465-998 

Cable ~ 2484-0 +j 61-56 


Z (Total) 


and the short-circuit value will be: — 


= 3 003-766 +j 527*55^ 

= V3 003-7662 + 527-558^ 
*= 3 046% 


S.C. MVA— ^^"^ -3-28 MVA 
3046 



H.V. NETWORK O+j 57 
FROM TABLE 3 : 8 




H.V, CABLES EACH (0-095+ j 0*0086) . 10 
FROM TABLE 3 : 3 


TRANSFORMERS EACH 0+j 950 
FROM TABLE 3 : 2 


L.V. CABLES EACH (2-45+ j 1-80) . 16 
FROM TABLE 3 : 9 


MAIN L.V. SWITCHBOARD 


Fig. 3 - 47 . 
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0 + j57 


(00316 4 j 0 0028). 10 


04-) 316 


(0*816 -f j>60).16 




13*366+ J 382*628 
FROM PREVIOUS 
CALCULATION 


MAIN L.V. BOARD 


(24*1+1 3*97). 21 
FROM TABLE 3 : 9 


MOTOR CONTROL 


Fig 3-49 


Fig. 3-48 



519*766+1 465*998 

FROM PREVIOUS CALCULATION 



MOTOR CONTROL 

(207+ j 5*1 3). 12 
FROM TABLE 3 : 9 

DISTRIBUTION BOARD 


Fig. 3-50. 
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The examples so far considered have been simplified by reason of the 
fact that parallel circuits have each been of eqiial rating and impedance 
resulting in simple reduction to a single equivalent. When parallel circuits 
differ in the above respects the calculations to achieve the resultant imped- 



H.V. NETWORK 

H.V. SWITCHGEAR 11 kV 250 MVA 

H.V. CABLES 3-CORE 

0 0225 SQ. IN. 11 kV 5 YARDS 

1 OOOkVA TRANSFORMER 11 kV/440 V 

1 250 kVA TRANSFORMER 11 kV/440 V 

LV. CABLES 3-CORE 0-6 SQ. IN. 

440 V 2 IN PARALLEL 30 YARDS 

L.V. CABLES 3-CORE 0-75 SQ. IN: 

440 V 2 IN PARALLEL 30 YARDS 

MAIN L.V. SWITCHBOARD 

L.V. CABLE 3-CORE 

0-10 SQ. IN. 440 V 15 YARDS 

GROUP MOTOR CONTROL BOARD 


ances are slightly more complicated, as the example shown in Fig. 3-51 will 
indicate, where calculations will be made to ascertain the fault values at 
Fa and Fb. 

Dealing with a fault at Fa first, it will be of interest initially to see what 
the value would be if the calculation is based on the transformer reactances 
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H.V. NETWORK 
0+140 

FROM TABLE 3 : 8 


H.V. SWITCHGEAR 


H.V. CABLE 
(0*095+ i 0*008) . 5 
FROM TABLE 3 : 3 


TRANSFORMER 
0+) 400 

FROM TABLE 3 : 2 


L.V. CABLES 
^ 2*0+j 3* 10^ 

FROM TABLE 3 : 9 


.30 


MAIN L.V. S'BOARD 


L.V. CABLE 
(12*8+j3*4).15 
FROM TABLE 3 : 9 


GROUP MOTOR 
CONTROL BOARD 


alone, the values (from Table 3 ; 2) being 475 per cent for the 1 000 kVA 
unit and 400 per cent for the i 250 kVA unit. Applying the formula for 
parallel circuits previously noted, the resultant impedance will be: — 

I I 

I o -0021 4-0-0025 

4^^400 


0*0046 


=217% 
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and the short-circuit value at the main l.v. switchboard would be: — 

S.C. MVA=^^^=-46 MVA 
217 

This very high value is beyond the rating of standard switchgear at 
440 volts so that as a next sitep it is of interest to include the impedance of 
the h.v. network which, from Table 3 : 8 for 250 MVA is 40 per cent. This 
value, added to that of the transformers, gives a total of 257 per cent and a 
new short-circuit value of 

S.C. MVA—-- -=38-9 MVA 
257 

This is still high and therefore it is essential to consider the effect of the 
cables. The impedance diagram for the system is shown in Fig. 3-52 and 
it is at once clear that the small values of impedance attributable to the h.v. 
cables will have little effect and may be ignored. On the other hand the 
l.v. cables have higher values and the lengths are greater so that these may 
be sufficient to bring the short-circuit value down to a figure within the range 
of standard switchgear. 



H.V. NETWORK 0-hj40 


TRANSFORMERS 0-f j 217 
(FROM CALCULATION IN TEXT) 


L.V. CABLE (10+j1*55).30 


MAIN L.V. SWITCHBOARD 


The first step is to reduce the parallel values of these cables and as each 
transformer has two parallel cables of equal value the impedance diagram 
can be reduced at once to Fig, 3-53 by dividing by 2. This leaves a parallel 
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circuit now of two unequal values and the resistance and reactance elements 
must be resolved separately, thus: — 

Resistance = ^ “0‘S37 

1 I 1*862 

i*i6"^i*o 

Reactance ^ ^ 0*77 

I I L. ^'29 

1*55 1*55 

so that the resultant impedance is: — 

Z=o*537+jo*77 

which has to be multiplied by 30, the length in yards, to give: — 
Z==i6*ii+j 23*1 

and the diagram now appears as in Fig. 3-54 from which we deduce: — 

Z— \/i6*ii^+28o^ 

= 280% (for all practical purposes) 

and the short-circuit value at Fa is now: — 


S.C. MVA=^— - 35-6 MVA 

2oO 

This value is sufficiently near to warrant the use of standard switchgear 
rated at 35 MVA bearing in mind that some very slight reduction will arise 
due to the h.v. cables not included in the calculation. 



TOTAL 


16 -11 +j 280*1 
Fig. 3-54. 
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To ascertain the fault value at Fb on the group motor control board 
requires only the addition of the impedance valufe of the extra cable to the 
figures calculated so far and given in Fig. 3-54, thus: — 

Impedance to fault Fb ^ i6'ii+j 280 

Cable to motor control board = 192 + j 51 

Z (Total) = 208-11+ j 331 

= V208*+ 331* 


"= 390 % 

and the short-circuit value will be: — 

S.C. MVA- - 5 ^- 25-64 MVA 
390 

H.V. NETWORK 


I 000 kVA 
TRANSFORMER 

II kV/440V 


L.V. CABLES 3-CORE 
0-6 SQ. IN. 440 V 
2 IN PARALLEL 
30 YARDS 
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It has been noted earlier that where high fault values arise, very sigmhcant 
reductions can be achieved by suitably sectionalising the busbars and by 
way of example it is convenient to take the system shown m Fig 3-51 and 
arrange it m the manner shown in Fig 3-55, with suitable interlocks between 
the section switch (or circuit-breaker) and the two transformer circuit- 
breakers so that at any one time only two of these three can be closed One 
disadvantage of this scheme, of course, is that should the i 250 kVA trans- 
former be lost for any reason, there will be a complete shut-down at the motor 
control board until such time as the section switch can be closed This 



SHORT-CIRCUIT CALCULATIONS 


67 


situation could be mitigated by using, say, two 600 kVA transformers instead 
of one I 250 kVA and then the loss of one unit ^ would leave the other* to 
maintain some supplies although load shedding might be necessary. 

To investigate the possible reduction in short-circuit values the impedance 
diagram can be drawn as in Fig. 3-56 and, again ignoring the impedance of 
the h.v. cables, the impedances to a fault at Fa on the main l.v. switchboard 
are summed up as follows: — 

H.V. network — o + j 40 

Transformers — o + j 400 

L.V. cables 30 -h j 46*5 


30 + j 486-5 

Z Total =\/3o^ + 486-5* 

487 ‘'/<) 

and the short-circuit value will be: — 


S.C. MVA-= MVA 

487 

This has shown that the fault value of the main l.v. switchboard is 
reduced from 35*5 MVA to the much lower value of 20*5 MVA, permitting 
the use of switchgear with a fault rating of 25 MVA. 

For a fault at Fb, we sum up as follows: — 

Impedance to fault Fa == 30 + j 486*5 

L.V. cable to control board ~ 192 + j 51*0 


Z Total 222 + 

= 581^. 

and the short-circuit value will be: — 


j 537*5 


S.C. MVA - -17*2 MVA 

581 

One part of this exercise in short-circuit calculations has been to see 
how to arrive at true values and that this is important can be judged by a 
study of the electromagnetic forces which arise on busbar and connection 
structures, a problem which will be noted in some detail in Chapter XIV. 


SHORT-TIME RATING OF CABLES 

Although this book is primarily concerned with switchgear, a chapter 
on short-circuit calculations would not be complete without a brief reference 
to cables because, firstly, as the diagrams show, these have to carry the fault 
current for a time corresponding to the clearance time of the appropriate 
circuit interrupting device (circuit-breaker or fuse) and secondly, because 
we are depending in some instances on the impedance of the cables to 
assist in the reduction of short-circuit MVA. If, therefore, because of high 
short-circuit current values it becomes necessary to use a larger cable than 
normal load conditions dictate, we are reducing the amount of impedance 
contributed by the cable and in turn this puts up the short-circuit current 
so that we have all the elements of a vicious circle. 
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Until recently the principal limitation placed on the magnitude of the 
current which can be carried by a paper-insulated cable for a short time 
(say up to 3 seconds) has been that of the final temperature to which the 
conductor could be raised. From 1932 this has been generally accepted as 
being I20°C and on the assumption that all heat dissipated in the conductor 
is used in raising the conductor temperature, the short-circuit rating could 
be defined by a formula. 

I r.m.s.=k.A/Vt 

where I r.m.s.= symmetrical value of current in kilo-amperes. 

A —cross-sectional area of conductor in sq. in. 

t=time in seconds (fault duration). 

k— constant dependent on conductor material and its 
temperature at the start of the fault. 

Gosland and Parr* have indicated that for copper conductors limited 
to a final temperature of i2o''C, values of k are 86, 63, 47-5 for temperatures 
at the start of the fault of i5°C, 6o°C and 85^0 respectively. In other 
published data relating to paper-insulated cables, it has been given as 57 
where the initial temperature of the conductor is assumed to be 70°C. 

The limitation of I20°C however has been thought to be too onerous 
and is low by comparison with the limits accepted on the Continent and in 
the U.S.A. Further research has therefore recently suggested that for 
cables of the type concerned the safe final temperature of the conductor 
(copper) can be raised to i6o°C resulting in new formulae in which the 
constant k is recommended to be 76*5 for ii kV cables and 70 for i 100 volt 
cables, thus: 

I r.m.s. --76-5. A/ Vt for ii kV cables. 

I r.m.s. — 70-0 . A/aA for 1 100 volt cables. 

The different constant for 1 1 kV and 1 1 00 volt cables is suggested 
because the normal maximum operating temperatures of ii kV cables are 
usually lower than those of i 100 volt cables. 

In the past, it has been assumed that formula such as the foregoing 
could be used in all circumstances but it has now been shown that other 
factors enter into the problem, namely (a) that above certain currents, the 
belt insulation may burst or (b) the sheath temperature may rise above a 
safe value, i.e., 250°C. These investigations are reported in detail in recent 
papers by Gosland and Parr* and Buckingham* and these can profitabl>^ 
be studied by all who are concerned with cables in relation to short-circuit 
problems. It must be noted, however, that the papers are limited to certain 
types of cable, i.e. normal belted types, paper or cambric insulated up to 
and including 1 1 kV working voltage. The data given cannot be assumed 
to apply to other types of cable such as those using aluminium conductors, 
mineral insulated cables or those with p.v.c. or other insulation. Work 
on these is proceeding to establish a basis of short-time ratings and pending 
publication of data, a user should consult the cable manufacturer for guidance. 


*See bibliography. 
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In the paper by Buckingham, a series of curves have been produced 
covering various forms of cable, e.g. single-wite armoured, steel tape 
armoured and unarmoured. It is outside the scope of a book on switchgear 
to deal with each of these or the many other details which ultimately 
determine the short-time rating of a particular cable. Our purpose here 
will be achieved if the existence of the problem has been established. To 
emphasize the point, Tables 3 : 13, 3 : 14 and 3 : 15 are given, these relating 
only to single- wire armoured types and based on a maximum conductor 
temperature of i6o°C or the current which will be safe against the possibility 
of bursting the belt insulation 

A study of the figures will show that in many cases it may be necessary 
to run two or more cables in parallel to obtain a requisite short-time rating, 


Table 3 : 13 

SHORT-TIME RATINGS FOR PAPER- INSULATED CABLES 1 1 KV 3-CORE (bELTED) 
SINGLE WIRE ARMOURED TO B.S.480 *. 1 954 


Conductor 

area 

1 Short-time curre 

1 

sq in 

0 2 sec 

0*5 sec 

0-022 s 

V9 

2 4 

0-04 

6*9 

4 4 

o-o6 

10 

6 6 

o-io 

18 

n 

0-15 

26 

16 

0-20 

H 

22 

0-25 

1 

27 

0-30 

45 * 

n 

0-40 

47 * 

45 

0-50 

SO* 

SO* 


N/OTE Figures marked with an asterisk 
page 68 and are the current vai 
hurstine the belt insulation 


r m b symmetrical (kilo-amps) 


•0 sec 

2 -o sec 

3 0 sec 

1*7 

1-2 

0-99 

3 i 

2*2 

1-8 

4*7 

3-3 

2 7 

7*9 

5-6 

4 5 

1 1 

8 2 

6-7 

*5 

1 1 

8-8 

19 

»3 

1 1 

24 

>7 

14 

32 

22 

18 

39 

27 

22 


are less than those given hv the formula on 
ues which are safe against the possihihtv ol 


RMS 

SYMMEIRK AL VALUES 

or CURRENT AGAINST MVA AND 

VOI TAOE 



Kilo-ampereb at 


MVA 


— 



3-3 kV 

6-6 kV 

I 1 -o kV 

15 

2-63 



25 

4-38 



50 

8-i6 



7 S 

13-1 

6*57 

3-94 

100 

17-5 

8-76 

5*25 

*50 

26-3 

I 3 -I 

7-88 

250 

43-8 

21-9 

13*1 

350 


30-6 

18-4 

500 


43*8 

26-3 

750 



39-4 



70 


THE J. & P. SWITCHGEAR BOOK 


even though the normal load condition can be satisfied by one cable. This is 
particularly so in the i loo volt class, a point clearly demonstrated in 
Table 3:15 where the bursting current is related to time. Thus, on a 
system with a fault rating of 25 MVA at 415 volts, the smallest single cable 
would be 0*4 .sq in. and even so, it could only withstand the short-circuit 
for 0-68 second. If, as is sometimes specified, the time period must be 
3 seconds, then it becomes necessary to consider cables in parallel and 
probably of larger section If, as is indicated in the papers referred to 
earlier and in one by the present author,* low- voltage cables can be protected 
by h.r.c fuses having the advantage of “cut-ofT' (see Chapter XII), most 
problems are automatically solved, as the interrupting times are then, under 
maximum fault conditions, less than one half-cycle i e. o*oi second 


Table 3 : 14 

SHORT-TIME RATINGS FOR PAPER- INSULATED CABLES I'l KV 4-CORE (bELTED) 
SINGLE WIRE ARMOURED TO B.S 480 : 1 954 


I 


Conductor 
area 
sq. in 

1 Short-time current r m s. symmetrical (kilo-amps) 

0*2 sec 

0*5 sec 

1 -o sec 

2*0 sec 

3*0 sec 

0*007 

I *i i 

0*69 

0*5 ' 

0*35 

0*29 

0*0145 

- 2-3 


1*0 

0*74 i 

1 0*6 

0*022 s 

1 3-5 

2*2 

1*6 1 

1 

0*91 

0*04 

6*3 

4*0 

2*8 

2*0 1 

1*6 

0*06 1 

i 9 -S 

6*0 

4’3 

3*0 

2*5 

0*10 

16 

10 

7'2 

5*1 

4*1 

0*15 

24 

'5 1 

10 

7-4 

6*1 

0*20 


20 

i *4 

9*9 

8*1 

0*25 

1 29* 

I "^5 ' 

' 18 

12 

10 

0*30 

1 

i 30 

22 

15 

12 

0*40 

35 * 

1 35 * 

29 

20 

17 

0*50 

38* 

38* 

36 

25 

20 

0*60 

' 45 * 


43 

31 

25 

0*75 

1 48* 

48* 

48* 1 

1 38 

30 

1*0 

54 * 

S 4 * 

54 * 

51 

42 


NOTE — Figures marked with art asterisk are less than those given hv the formula on 
page 68 and are current values which are safe against the possibility of 
bursting the belt insulation 


R.M.S. SYMMETRICAL VALUES OF CURRENT AGAINST MVA AND VOLTAGE 


K/fVA 


Kilo-amperes at 



400 V 

415 V 

440 V 

10 

14*4 

13-86 ' 

13*14 

15 

21*6 

20*8 

19*60 

25 

36*4 

35*0 

33*0 

35 ' 

50*7 

47*8 1 

46*0 


*See bibliography 
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Table 3 : 15 

PAPER- INSULATED CABLES 1*1 KV 4-CORE (bELTED) SINGLE WIRE 
ARMOURED TO B.S.480 : I954. 


1 

Conductor 

area 

sq. in ' 

1 Approx, max. 
safe current ' 
for belt 

1 insulation 

Approx, max 
’ time current 
can be 
carried 

sec 

1 

1 

1 

j Equivalent MVA at volts 

400 V 

415 V 

1 

440 V 1 

_ 1 

0*007 

14 

1 0*002 

1 

9*7 i 

1 

1 10*1 

~ 1 

10*7 

0*014 5 

16 

0*004 

1 ii*i 

11*5 

12*2 

0*022 5 

15 

0*01 

10*4 

10*8 

11*4 ; 

0*04 ' 

18 1 

[ 0*02 

1 12*5 

13*0 

13*7 

o*o6 

19 1 

1 0*05 

I 3‘2 j 

1 *37 

14-5 

0*10 

22 

1 0*10 

15*2 

15*8 1 

16*8 

0*15 

25 

o*r8 j 

,7.3 1 

1 18*0 

1 ' 9*1 1 

0*20 

27 

0*27 

18*7 

19*4 

20*6 1 

0*25 

29 

0*36 ; 

20*1 

20*9 

22*1 

0*30 

30 

0*52 

20*8 

21*6 

22*9 

0*40 

35 

0*68 

24*3 

25*2 1 

1 267 

0*50 

38 

0*87 

26*3 

27*4 

29*0 1 

o*6o 

45 

0*92 

31*2 ’ 

32-4 

34*3 1 

0*75 

48 

1*2 

33*3 ' 

34-5 

1 36*6 

1*00 

54 

1*9 

37*4 1 

i 

' 38-8 

1 1 
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CHAPTER JV 

SHORT-CIRCUIT CALCULATIONS FOR UNSYMMETRICAL 

FAULTS 

It has been shown in Chapter 111 how calculations are made for the condition 
of a symmetrical fault, this being the accepted method for the selection of 
suitably rated circuit-breakers or fuses and for the stresses set up in busbar 
and connection structures under short-circuit conditions. Such calculations 
are also adequate for determining the overcurrent factors for current 
transformers and protective gear stability on through faults. 

Fault conditions however, are not confined to the threephase condition 
and indeed the majority of faults are those which involve only one line and 
in some cases two. Such faults are thus unsymmetrical in nature and it 
becomes necessary for engineers to calculate the fault currents which can 
occur under each of the three conditions shown in Fig. 4- 1 . The information 
obtained is necessary for the determination of protective gear relay settings 
and in studies of transient stability in an interconnected power system. 
Not only is it essential to know the current at the point of fault but also 
how it is distributed (and in what magnitude) throughout the network 
behind the fault. A full study of this subject also involves the unsymmetrical 
voltages which arise, a knowledge of which is essential particularly in 
protective systems of the directional type where the voltage clement is 
important Here we shall concern ourselves only with the current aspect 
but a number of books and papers noted in the bibliography include a 
full study of the voltage condition 

In order to calculate the values of current for unsymmetrical faults use 
has to he made of the theory of symmetrical components, the principles 




B 

^ V V vy V V 
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'W 
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(a) 

ONE LINE TO EARTH 




TWO LINES TO EARTH 


Fig. 4 - 1 . Types of unsymmetrical fault. 
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of which were originally stated by Stovkis and were enunciated in practical 
form later (1918) by Fortescue. It is beyond the scope of this book to study 
the theoretical basis of symmetrical components but instead to accept the 
theory and demonstrate its practical use. 

This then is the purpose of this chapter, but firstly it is necessary to 
state the facts established by the theory. They are: — 

1. In any three phase system the occurrence of faults of the type shown 
in Pig. 4-1 causes unbalance, the currents and voltages becoming 
unequal in magnitude, while the vectors representing them are no 
longer spaced 120° or equal. 

2. In any unbalanced system, it is possible to analyse that system into two 
or three balanced systems known as positive, negative, and zero phase 
sequences. 

3. The positive phase sequence system is that system in which the phase 
or line currents or voltages reach a maximum in the same cyclic order 
as those in a normal supply, e.g., assuming the conventional counter- 
clockwise rotation, then the positive phase sequence vectors are those 
shown at (a) in Fig. 4-2. A balanced system corresponding to normal 
conditions contains a positive phase sequence only. It isJ^feo the condition 
for a three phase fault as calculated in Chapter III. 

4. The negative phase sequence system is that system in which the vectors 
still rotate ^ti-clockwise but reach a maximum in a reverse order, i.e., 
A.C.B. as indicated at (b) Fig. 4-2. This sequence only arises under 



Fig. 4-2. 


ABC 


II 


ZERO 

(c) 


conditions of unbalance as when faults of the type shown in Fig. 4-1 
occur, such faults contain also the positive sequence system as (3) 
above and, in the case of faults to earth, a zero phase sequence system 
as noted in (5) below. 

5. The zero phase sequence system is a single phase vector system com- 
bining three equal, vectors in phase, as shown at (c) Fig. 4-2, and 
represents the residual current or voltage present under fault conditions 
on a three phase system with a fourth wire or earth return present. Clearly 
the zero phase sequence embraces the ground therefore, in addition 
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to the three line wires and represents a fault condition to earth or to a 
fourth conductor if present. Its presence arises only where fault 'to 
earth currents can return to the system via the star point of that system 
or via an artificial neutral point provided to earth a delta system. In an 
earth fault, positive and negative phase sequences are also present. 

This is the basis of the theory from which it is possible to calculate the 
fault current under any condition. As the three phase fault has been dealt 
with in Chapter III, our concern here will be with: — 

(a) Single phase line to line faults involving the positive and negative 
phase sequences and 

(b) Single phase line to earth faults involving the positive, negative and 
zero phase sequences. 

The impedances to these phase sequence currents are important to the 
calculations and as differences arise as between types of plant, cables and 
transmission lines, some idea of the values must be noted before proceeding 
to typical calculations. For easy reference, particularly in the worked 
examples, the three impedances will be given the following notation: — 

Zi=^ Positive phase sequence impedance 

Z2 = Negative phase sequence impedance 

Zo-^Zero phase sequence impedance 

In all static plant (and this includes cables and overhead lines) Zi- Z2 
but may differ from Zq. In rotating plant, however, all three are different. 

In power transformers, Zj and Z2 are equal and are the normal impedances 
quoted by the manufacturer but Zo will depend on the transformer con- 
nections. For those with delta/star (star neutral earthed) star/star (both 
neutrals earthed) and star or delta/interstar (interstar neutral earthed) 
connections, Zo is equal to Zi and Z2. For star/star connected transformers 
where the primary is three-wire and providing the core is of the three-limb 
type, Zq will be approximately o*66 times Zi. In the case of a three phase 
shell type or a group of three single phase transformers, Zq may be as high 
at 4 or 5 times Zj. For all other connections, it may be assumed that there 
is an open circuit to zero phase sequence currents. 

In cables and overhead transmission lines, Z^ and Z2 are equal and are the 
ohmic values given in manufacturers tables. On the other hand, Zq is only 
determined by calculations of some complexity, involving in the case of 
cables a knowledge of sheath resistances, conductor spacing, how laid and. 
whether earthed or not, while for overhead lines the value varies with 
regard to single or double circuit lines, with or without earth wires and 
whether the latter are magnetic or non-magnetic. 

Because of these complications, Zq can only be accurately determined 
for a specific case but a number of authors^ have given approximations 
which can be used for general calculations, these approximations being as 
follows: — 

Cables 

Three core . . . . Zo=3Zi to 5Z1 

Single core .. .. .. .. .. Zo=i-25Zi 
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Overhead lines, single circuit 

No ground wire 

Zq — 3‘5Zi 

Steel ground wire 

Zo==3*52^i 

Non-magnetic ground wire 

, . Zo = 2Zi 

Overhead lines, double circuit 

No ground wire 

•• Zo=5*5Zi 

Steel ground wire 

Zq — 5Z1 

Non-magnetic ground wire 

. . . . Zo=3Zi 


A large part of the zero sequence impedance for cables is resistive and it 
is here that many variations occur, dependent on the earthing conditions. 
In a paper by Wagner and Evans, for example, the detailed calculations are 
given for a three core cable 45ooooc.m. 13*2 kV, the cable being buried 
in damp earth. These authors show that for this case: — 

Zi —o-i46+j 0*169 ohms per phase 
Zo=i‘42 +j 0*78 ohms per phase 

so that zero sequence resistance is nearly ten times the positive sequence 
resistance, while the zero sequence reactance is only 4*6 times the positive 
sequence reactance, and it is stated that these multiples may be used for 
approximations. 

In the case of rotating plant where all three values differ, Z| is the normal 
value quoted by the manufacturer, i.e. the values used in three phase short- 
circuit calculations as in Chapter III. In certain circumstances, as for example 
where a long time delay may be applied to a protective system, it will be 
necessary to use the synchronous or steady state impedance, as, after several 
seconds, the initial short-circuit current will have fallen to the much lowei 
steady state value. Alternatively, standard decrement curves can be applied 
to the calculated initial values. 

Z2 for rotating machines is generally somewhat less than Zj and varies 
with the type of winding, type of machine, number of poles, etc. and it is 
important in any particular calculation to ascertain the value from the 
machine designer. As we are only concerned here with demonstrating the 
use of symmetrical components it will suffice if we assume that Z2=“0*73Zi. 

Similar factors concern the value of Z© for rotating machines and here 
again various authors give average values for use if actual figures are not 
available. These average values indicate that at 1 1 kV, Zq is equal to about 
o*33Zi, while at 22 and 33 kV it is about o*5Zi. 

In calculations for line to earth faults, one further impedance may be 
present and considered, namely that which may be purposely introduced 
in the neutral connection to earth (see Chapter XX) and which may be 
either a resistance or a reactor. The value of this impedance must be 
multiplied by three as it is in series with each line. 

For the sake of simplicity, the t3q5ical calculations which follow will 
be on the basis that the various impedances are purely reactive, i.e. that Z 
will be R+jX where R is zero. It has, however, been shown in Chapter III 
that where cables or overhead lines are included in any calculation, resistance 
often plays a most important part in reducing the value of fault current. 

It will be remembered too that all calculations in Chapter III were on a 
percentage impedance basis and that normal values were converted to 
others on a chosen kVA base. 
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Examples included in that chapter could with equal ease have been 
calculated using ohmic values and as an exercise, these will be used in the 
first example to be given. But here it must be noted that when working 
with ohmic values, it is necessary to use a base voltage instead of kVA. 
Where only one voltage is involved this can be used as the base but where 
step-up or step-down transformers are included, then all calculations must 
be on a chosen voltage 

Using the ohmic method and a base voltage requires formula for 
conversion, and those essential to the calculations are: — 

1 Given the percentage reactance (or impedance) of a machine or 
transformer of known kVA rating:— 

, % value. lo.kV^ 

Ohmic value— WA 

where kV— kilovolts between lines. 


2 


Given the ohmic value of reactance (or impedance) of a cable or 
overhead line at working (normal) voltage:— 


Ohmic value at base voltage = Ohmic value at normal 


voltage 




where Vi= normal voltage in volts 
and V2=base voltage in volts 


As a first example, assume a simple network as in Fig. 4-3 where it is 
required to ascertain the fault currents for a fault at F under two conditions, 



6 6kV. 


T1 -2,000 kVA 6-6/11 kV. 

yx=1 22 OHMS AT 6-6 kV. 
SOLIDLY EARTHED ON 11 kV. SIDE 


CABLE 


ix-0-4 OHMS AT 11 kV. 
=0-144 OHMS AT 6-6 kV. 



2,000 kVA 11/6-6 kV. 

;x=1-22 OHMS AT 6-6 kV. 
SOLIDLY EARTHED ON 6-6 kV SIDE 


6-6 kV 


Fig. 4-3 
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i.e. line to line and one line to earth. Here two voltages are concerned 
(6*6 and ii kV) and as the fault is assumed to be on the 6*6 kV system, it 
is convenient to use this voltage as a base. 

The generator of 2 000 kVA has a reactance of 8 per cent and from the 
formula just given we find:— 


Ohmic reactance 


8>io.6*6^ 
2 000 


I *74 ohms 


The transformers each of 2 000 kV A with a reactance of 5*6 per cent 
are converted to: — 

Ohmic reactance of each transformer — ^ — i *22 ohms 

2 000 


(Note that this value is at our chosen base of 6*6 kV.) 

The cable between the two transformers has a reactance of 0*4 ohms 
at II kV and converting this to a value on a 6*6 kV base, we get 


/ 6 6oo\ ^ 

°‘^iiiooo; -0-144 ohms. 

Bearing in mind previous notes concerning the relative values of Z,, Z2 
and Zq, the figures relating to Fig. 4-3 may be summarised thus: — 

Zj Generator — Positive phase sequence impedance— o+ji*74ohms 
Z2 M Negative „ ,, „ (o+ji •74).o*73 

o + ji *27 ohms 

Transformer No. i 

Zi ,, -Positive phase sequence impedance- o+ji-22 ohms 
Z2 ,, Negative ,, ,, ,, - o-fji*22ohms 

Zi Cable — Positive phase sequence impedance — o+jo* 144 ohms 
Z2 ,, “Negative ,, ,, ,, o-+- jo *144 ohms 

Transformer No. 2 

Zi ,, — Positive phase sequence impedance - o+ji'22 ohms 
Z2 ,, -Negative ,, ,, ,, - o+j 1*22 ohms 

Zo ,, — Zero „ ,, ,, - ofji*22ohms 


It will be noted that the only area where zero phase sequence current 
can appear is at Transformer No. 2, i.e., a line fault to earth at F back to 
the 6*6 kV neutral of this transformer via the ground. 

The three sequences can now be set down as indicated in Fig. 4-4 and 
adding the various impedances in series arithmetically, obtain:- 


Generator 
Transformer (i) 
Cable 

Transformer (2) 


Zi 

o+ji*74 

0+jl*22 

o+jo*i44 

O^+jl‘22 

0+11:324 


Z2 

o-fji*27 

0+jl*22 

o+jo*i44 

0+jl^22 

o+j3-854 


Zo 

o '‘jl*22 
0 + il*22 


With these values, we can proceed to calculate for the two fau't conditions 
as follows. 
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G Ti CABLE T 2 


POSITIVE 

PHASE 

SEQUENCE 

IMPEDANCE 


< 


o-hJhZL 0‘t‘j'0i44 

mwmh 


Otjtzz 

"O/VWWNA^' '4 


NEGATIVE o-kjtzj o^j/2Z 

PHASE ' •— “VWWWV AAAAAMr 

SEQUENCE 

IMPEDANCE 


Oi‘jO‘/ 44 ‘ o+jizz 

*VVWWV^ vWWWV^ ” ' Z.7 


ZERO 

PHASE 

SEQUENCE 

IMPEDANCE 


0^ 


04-JI‘lZ I 

VWWVWV^~— 4 


Zo 


Fig. 4-4. 


LINE TO EARTH FAULT 

As explained earlier, faults to earth embrace the three sequence com- 
ponents and therefore the total impedance to the fault will be, 

Zt Z|-f-Z2“bZo 

o 4 ) 4 M 24 -^o- 4 -j 3 ‘ 854 H- o-f ji-22 
o f j9'398 ohms. 

The earth fault current will be 


If 


3E- 

Zt 


where E Normal line to neutral voltage of the selected base \ oltage. 
If— 1217 amperes. 

9*398 

The condition at the fault can be shown as in Fig 4-5. 



Fig. 4-5. 

*The derivation of this formula is given in detail in the article by Reeves and the book by Rissik. 
Roth are noted in the bibliographv. 
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LINE TO LINE FAULT 

In this case, only the positive and negative phase sequence impedances 
will limit the fault and 

Zt=Zi-hZ2 

-=o+j4*324+o-f-j3*854 
=o+j8*i78 ohms 

andIf='^E* 

Zt 

_ ^"3^38 


10 


8-178 


-806 amperes. 


The condition at the fault can be shown as in Fig. 4-6. 


B 

C 

A 



T2 



A 

B 

C 


Fig. 4-6. 


We have seen, therefore, that there is a considerable difference in fault 
current as between line to earth and line to line faults, and any protective 
gear installed must be sensitive to these different values. By a calculation 
similar to those undertaken in Chapter III it can be shown that the three 
phase fault current at F would be 880 amperes, so that there are three 
different values for different fault conditions. 

Alternatively the three phase value could be determined from: — 

If=~ — —880 amperes. 

Zi 4*324 

In the calculation for a line to earth fault, the earth resistance has been 
assumed zero. This is a condition which is unlikely as, apart from any 
resistance which may be purposely installed in the neutral connection to 
limit the earth fault current, e.g., to twice full load current with line to 
neutral voltage impressed, there is the resistance of the return path to the 
neutral. Let us assume that this is 2 ohms and this has to be multiplied 
by three as noted earlier. 

*The derivation of this formula is given in detail in the article hy Reeves and the book by Rissik 
Both are noted in the bibliography 
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For a line to earth fault, the total impedance will now be, 

Zt^o+j4-324+o+j3-854+6+ji *22 
^6 +j9*398 

== V 6^+9-398^= 1 1 *15 ohms 
J ir 3-3 810 

and amperes 

as compared with 1 217 amperes previously calculatde with zero resistance. 

In addition, the cable which joins transformer T2 to its 6*6 kV switchgear 
will have some value of Zi, Z2 and Zq which will tend to further reduce the 
value of earth fault current. 

We have now determined the fault currents which arise at the point 
of fault. It now remains to determine the distribution back to the source, 
proceeding as follows: — 

LINE TO EARTH FAULT 

The positive, negative and zero phase sequence currents in the fault 
are equal and each are one-third of If*, so that 

Ifi = If2-If«- If/3, 

where Ifi = Positive phase sequence current 
Ifg-rr Negative phase sequence current 
Ifo-=Zero phase sequence current 

and in the faulty pftase A the total fault current Ha is the sum of the three 
sequence currents Ij, 1 2 and L and 

Ifl+If2-+Ifo = If-IfA. 

The total fault current in the phases B and C is given by, 

Iffi = I q + a'^Ij + al 2 
Ifc =Io+aIi 4-a^l2 

where the vector operators a and a*^ are 

a '= -|+j— 3--- -o-5+jo*866 
2 

a^ - --4__j^3 - 0*5 jo-866 

2 

so that, 

IfB^Io+Ii (-0-5— jo*866)+l2(~o*5+jo-866) 

-- lo — 0*5 (I1+ 12) —jo-866 (Ii — 12) 

Ifc^Io fIi(—o*5+jo-866)+l2(— 0*5— jo-866) 

‘-=Io'~o*5 (Ii+l2)+jo-866 (Ii— 12 ) 

In the example, a 6*6 kV star base has been used. To obtain the true 
currents at 1 1 kV, i.e., in the secondary of Ti and the primary of T2, account 
must be taken of the phase displacement which occurs in respect to the 

*See analytical study in **The Switchgear Handbook** (volume two) and ** Elements oj 
Symmetrical Component Theory**, both noted in the bibliography. 
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6*6 kV star base. The equations for such conversions are as follows, which 
should be read in conjunction with Fig. 4-7. ‘ < 

ra-n(r'b-rc)-rB-iv 

ri,-n(rc-ra)=rc-rA 

rc=n 

where n equals the turns per phase ratio of transformation in the direction 
of transformation being considered and 

Fa Fb Fc— Converted line currents being sought, 

F'a F'b F'o — Line currents on star base. 

With this essential data, the calculations are as follows, using the total 
value to earth of i 217 amperes. 

Ifi= Positive sequence network current - i 217/3=406 amperes 
If2= Negative sequence network current =i 217/3=406 amperes 
Ifo— Zero sequence network current — i 217/3 = 406 amperes 

If A in Secondary Line T2=Ifi+If2+Ifo= i 217 amperes 
Ifn in Secondary Line T2= Io+a^Ii+al2 

-lo— 0*5 (I1+I2)— jo*866 (Ij- I2) 
=406—0*5 (812)— jo*866 (o) 

“406 406 = 0 amperes. 

Ifc’ in Secondary Line T2 = Io+aIi+a‘^l2 

=Io 0*5 (Ii+l2)+jo*866 (Ij I2) 

= 406—0*5 (8i2)4-jo*866 (o) 

— 406 406=0 amperes. 

IfA in Primary Line T2 - — 0*346 (0—0)= o amperes 

Iffi in Primary Line T2= -0*346 (o — i 2 17) = 422 amperes 

If(^ in Primary Line T2=— 0*346 (i 217—0)= —422 amperes. 

Note - 0*346 is the turns per phase ratio of transformation, i.e., 

6 600 

-0*346 

11 000.1*73 

The minus sign before the turns ratio indicates a reversal of line currents 
brought about by the cascade delta/star transformations. 

IfA in Primary Line Ti = — 0*96 (422 —( - 422)) = — 810 amperes 
Iffi in Primary Line Ti = —0*96 (—422— o)= 405 amperes 
Ifr in Primary Line Ti = — 0*96 (o— -422)=405 amperes. 

Note. —0*96 is the turns per phase ratio of transformation, i.e., 

1 1 000 

-=0*96 

6 600 .1*73 

Where positive values of current appear, this indicates flow in the 
direction of the fault. Negative values indicate flow in the opposite direction. 

The values of current having now been calculated in each line for the 
complete network up to the fault, the values may be conveniently shown 
in a diagram as Fig. 4-8. 
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B 40^ 


B A o A 



Fig 4-8 

LINE TO LINE FAULT 

between lines A and B has a current value 

^ C For the line to line 

TOndition, the positive and negative phase sequences only are involved and 
the sequence currents Ij (positive) and (negative) are, 

Ii=i (lA+aln+a^Ic) 

— i [Ia+Ib ( 0 ‘ 5 d'J 0 " 866 )+If ( o'5 — )0'&66)] 

^806—806 (— o- 5 +JO- 866 )+o 
3 

806+403 -J697 

I ■^403-3232-3 

i2~i (lA+a*lB+aIo) 

[Ia+Ib (- 0-5— |o•866)^-I( ( -0-5 f |o-866)j 
^6 — 806 ( — 0*5 — jo*866)-*-o 
3 

806+403 +J697 
- — - - 403 t 1232 3 

The total fault current is the sum of the two sequence network currents 
thus, 

11^403-3232-3 
12= 403 +3232 -3 
If =806 amperes 

The currents in the line throughout the complete circuit can be solved 
as follows: — 

I A in Secondary Lme T2 — 806 amperes 

Ib in Secondary Line T2= —806 amperes 
Ic in Secondary Line T2— o amperes 

Ia in Primary Line T2 = —0-346 (—806—0) 279 amperes 

Ib in Primary Line T2 - -0-346 (0—806) = 279 amperes 

Ic in Primary Line T2 = 0-346 (806— (—806)) = —558 amperes 

Ia in Primary Line T i = -0-96 (279 -( -558)) = - 806 amperes 

Ib in Primary Line Ti = -0-96 (—558—279) 806 amperes 

Ir in Primary Line Ti — -0-96 (279—279) o amperes 


Ib in Primary Line T2 
Ic in Primary Line T2 
Ia in Primary Line T i 
Ib in Primary Line T i 
Ir in Primary Line T i 
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The values may now be included in a diagram of the network as shown 
m Fig. 4-9. 

The purpose of calculations such as the foregoing, for line to earth md 
line to line faults, may be seen by an inspection of the two diagrams Figs. 
4-8 and 4-9. In these we see the currents at each point in the network for 
faults at a remote point. 

It is clear that unless some form of discriminating protection be applied, 
there is every indication that, for a fault at the point chosen for our example, 
the generator and the transformers will all be disconnected by the through 
fault current. For example, the normal current of the generator is 175 
amperes, and for both types of fault, currents considerably in excess of 
normal are experienced. If simple ovcrcurrent be fitted, high settings 
would be essential to avoid operation. 



GEN. T, T, 

6*6 kV. 11 kV. 6-6 kV. 

Fig. 4-9. 


A second example may be worked using the percentage reactance method 
and a common kVA base. For this purpose, a system is shown in Fig. 4-10 
and it will be our task to ascertain the fault current at a point close up to 
the 400 volt busbars at Substation C, on the occurrence of an earth fault 
between phase A and ground. The reactances indicated in the diagram are 
those to the positive phase sequence currents. The first task, as in three 
phase fault calculations, is to convert all reactances to a common base, 
e.g,, 100000 kVA as follows using the formula noted in Chapter III: — 

Generators Gi and G2 " - —^^ .20 =200% each 

10 000 


Transformers Ti and T2==' 
Overhead Line - 

Generator G3 


.6*8 -=136% each 


100000 
5 000 
100 000 . 100 000 
(33 000)* 
too 000 


3 - 6 = 33 ' 


/o 


2 000 


12 =600% 


100 000 

TiSo" -s-a =353% 


Transformer T3 



88 


THE J. & P. SWITCHGEAR BOOK 



O/HEAD LINE 
33 kV 10 MILES 
jx= 0*36 OHMS/MILE 
-3-6 OHMS TOTAL 


G1 10 000 kVA 20% REACTANCE 
G2 lOOOOkVA 20% REACTANCE 
T1 5 000 kVA 6-8% REACTANCE 
T2 5 000 kVA 6-8% REACTANCE 
G3 2 000kVA 12% REACTANCE 
T3 1 500 kVA 5-3% REACTANCE 



Fig. 4-10. 

The positive, negative and zero phase sequence reactances are: 


Generators Gi, G2 . 

Z, 

i 467> 

Transformers Ti, T2 

136% 

136% 

Overhead Line 

33 % 

.•jO/ 

Generator G3 

600% 

438% 

Transformer T3 

3S37 o 

353% 


NOTE . — In the table above the blanks under Z^for generators Gi, Gz and G3 and transformers 
Ti and Tz do not imply that these have no zero phase sequence impedance but simply 
that no path exists at these neutrals for the return of earth fault current originating 
on the 400 volt system beyond T3. 

Following the procedure when calculating three-phase symmetrical 
faults, a series of network reduction diagrams are deduced in order that 
a single reactance to the fault may be ascertained. In this case, however, 
separate diagrams are required for each of the phase sequences, and 
Fig. 4- 1 1 is a set of reactance diagrams for the original network. These 
can be reduced at once, by combining parallel values, and adding series 
values, to Figs, 4-12 and 4-13. 
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POSITIVE PHASE NEGATIVE PHASE ZERO PHASE 

SEQUENCE SEQUENCE SEQUENCE 


Fig. 4-11. 
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Values in parallel in Fig. 4-13 are evaluated as follows. 

Positive network — == 241 % 

— + ~ 

405 600 

Negative network — — ^ ^ ==203% 

and the network diagrams now become Fig. 4-14. From this we determine 
that, 

Zi~594% 

^2—55^% 

Zo=353% 

and the total reactance (Zt) to the fault is 

Zt — Zi+Z2+Zo=i 503% 


NEUTRAL 





Zi 


Z2 

Fig. 4-14. 


353 




Zo 
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and the fault current to earth is 

t^ sLioo 

Zt 

where I is the current due to 100 000 kVA at 400 volts, i e., 144 000 amperes, 
and 


If- 3*^4 4 000*100 
~ I 503 


= 28 800 amperes 


Thus for a fault to earth at a point close up to the 400 volt busbar we have 
the condition shown in Fig. 4-15. 

This condition again ignores any earth resistance either at the ground 
plate or in the earth path and further it does not take account of the sequence 
impedances of the 400 volt cable between the transformer and the switchgear. 
If this is of any length, the reduction due to this cable might be appreciable 
and, as in the calculations for three phase faults at the lower voltages, 



Fig 4-15. 


demonstrated in Chapter III, the inclusion on this cable should be considered. 

In passing it can be noted that had we been seeking the current for a 
line to line fault, the result would have been: — 

j£_\/ 3.I. ioo_ a/3. 144 000. 100 

zT+Zg 594+556 ~ 

— 21 700 amperes 

or for a three phase fault: — 

Tr I *100 144000. 100 

lt= — = — = 24 200 amperes. 

Zi 594 ^ ^ 

In order to determine the distribution of current throughout the 
complete network it is convenient to adopt a method suggested by Wagner 
and Evans where the reactance diagrams (Figs. 4-11 to 4-14) are worked 
through in a reverse order, and assuming a figure of one ampere at the fault 
determine the proportions of this in other branches of the network in 
inverse proportion to the reactances. The three sequences are placed side 
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by side and Fig. 4-16 shows the stages of calculation. Figures in brackets 
are reactance values; the other figures being current values in terms of one 
ampere at the fault. At this stage, it will be noted that all values of current 
are in terms of the 400 volt star base voltage. Correction for voltage and 
star/delta transformation will be made later. We have seen that the total 
fault current If can be split into its sequence values as follows: — 

Ifj Tf2=Ifo“ If/3- 28 800/3 9 600 amperes. 

This value is then equal to our one ampere in Fig. 4-16 (c), and by 
using the factors throughout the remainder of the network we obtain the 
current distribution on the 400 volt base. This will be clear from Fig. 4-17, 
where, on the left, are shown the factors (taken from Fig. 4-16 (c)) and 
on the right the current values obtained by using these factors applied to 
the total current in each phase sequence, i.e., 9 600 amperes. These values 
are, of course, those in line A, the faulted line. Adding the values given 
in Fig. 4-17 for L, L and Iq, we get the total currents in line A throughout 
the network, the result being Fig. 4-18. It remains now to determine 
values for lines B and C, and using formula previously given we get, 

LINES B AND C (generators Gi AND G2). 

Ib^- lo+a^Ii+ala 

=-Io Ml ( 0*5— jo*866) + l2 (- o*5 4-jo-866) 

-Io-o-5 (I1+I2)- jo*866 (Ii-L) 

-0—0*5 (2 865+2 575)~jo*866 (2 865 2 575) 

= - 2720— j25i*5 
Ir- lo+ali + a^L 

- 2 720+j25I*5 

These are the values for each generator. 

LINES B AND C (primary TRANSFORMER Tl). 

Ib and Ic here will be the addition of the values for the two generators 
Gi and G2. 

LINES B AND C (secondary TRANSFORMER T I AND SEC:ONDARY TRANSFORMER 

T2). 

As we are still working on our common base, these values will he the 
same as for the primary of T i . 

LINES B AND C (generator G3). 

Ib -lo+a^Ii + alg 
-=—4 i6o+j503 
Ir^^Io+ali+a^L 

- —4 i6o--j503 


LINES B AND C (primary TRANSFORMER T3). 

The values here will be the addition of the secondary currents from 
T2 and the current from G3. 
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FACTORS CURRENTS 

li= POSITIVE PHASE SEQUENCE CURRENT— LINE A. 
(o) 



FACTORS CURRENTS 

l2=-NEGATIVE PHASE SEQUENCE CURRENT— LINE A. 

(b) 



FACTORS CURRENTS 

lo ZERO PHASE SEQUENCE CURRENT— LINE A. 

(c) 

Fig 4-17. 



TOTAL FAULT CURRENTS IN LINE A ON 400 VOLT STAR BASE, AND BEING THE 
SUM OF THE VALUES li+ls+lo FIG. 4-17 


Fig. 4-i8. 
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and by subtraction (G3 from T3) we get 

SECONDARY LINES T2. 

Line A=o amperes 

Line B==i 010—438=572 amperes 

Line C=— i 010— (—438)= —572 amperes. 

PRIMARY LINES T 2 , Converting from secondary currents T2. 
Line A=~ — — ^^^[S72—(— 572)] = — 132 amperes 

Line B= lAlP. (—572— o)=66 amperes 

33 000 

Line C = (o— 572)=66 amperes. 

33 000 

PRIMARY LINES Ti, Converting from primary currents T2. 
Line A = — ^§^00 amperes 

Line B = — —572 amperes 


Line C = — ( — 132— 66)— 572 amperes. 

6 600 

GENERATORS Gl AND G2. 

The currents here will be one-half of those in the primary lines of T i : — 

Line A=o amperes 
Line B= —286 amperes 
Line 0=286 amperes. 

We are now able to construct a diagram of the complete network to 
show the magnitude and direction of current at each point due to an earth 
fault at a point just beyond the transformer T3. The diagram is shown 
in Fig. 4-21. 

The calculations could, with equal facility, be carried out using ohmic 
values instead of percentage. In this case (and as previously indicated) 
a voltage base is chosen instead of a kVA base. Taking the example in 
Fig, 4-10, it is convenient to take as a base the voltage at the fault, i.e., 
400 volts and the following will indicate the procedure for calculating the 
fault current to earth. 

Gi OR G2 (looookVA 6*6 kV 20% reactance). 

Full load normal current =87 6 amperes 
20 ^ 81 0 

Reactance to neutral — • “5““>“'“jo'87 ohms 
100 07^ 

Referred to 400 volt star base 

Reactance to neutral =jo-87 -jo *0032 ohms. 

Thus, Zi==jo*oo32 ohms 

Z2=o*73Zi=jo*oo2335 ohms. 



99Z 
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Reactance to neutral T2 =j- 


Ti OR T2 (s 000 kVA 6-8% REACTANCE Ti AT 6*6 kV, T2 at 33 kV). 

Full load normal current Ti==438 amperes at 6*6 kV 
Full load normal current T2=87-5 amperes at 33 kV 

_ , _ 6*8 3 810 

Reactance to neutral Ti -=j — • ^ 

**100 438 

^jo*592 ohms 

6-8 19 050 

^oo* 87*5 

=ji 4*8 ohms 

Referred to 400 volt star base 

Ti— JO-592 =jo -002 1 8 ohms. 

T2— JI4-8 \ -jo*oo2i 8 ohms. 

\ 19 050/ 

Thus, Zi==Z2~jo-oo2i 8 ohms lor Ti or T2. 

G3 (2 000 kVA 6*6 kV 12% reactance) 

Full load normal current=i75 amperes 

Reactance to neutral =j2-6i ohms 

*^100 175 

Referred to 400 volt star base 

Reactance to neutral =|2 *61 — j 0*0096 ohms 

Thus, Zi=jo*oo96 ohms 

Z2 — 0*73^2 ~jo *007 ohms 


T3 (i 500 kVA 6-6 kV 5 3®o reactance) 

Full load normal current^ 131*3 amperes 

_ , c-3 3 810 , 

Reactance to neutral • =Ji'535 ohms 

100 131 3 

Referred to 400 volt Star base 

Reactance to neutral == j i * 5 3 5 ^ ~ J ° ^ 5 ohms 
Thus Zi — Z2~Zo— JO 00565 ohms 


OVERHEAD LINE (33 kV) 

Reactance to neutral =j 3 *6 ohms 
Referred to 400 volt Star base 

/ 23 1 \ ^ 

Reactance to neutral =j 3 -6 / — | =jo-ooo53 ohms 

\ 19 050/ 

Thus Zi=Z8=jo-ooo53 ohms 



SHORT-CIRCUIT CALCULATIONS 


99 


Proceeding now as described earlier, a series of network reduction 
diagrams (Figs. 4-22, 4-23 and 4-24) will result in the ascertainment of a 
single equivalent reactance for each of the phase sequences. 

We now have: — 

Zt = Zi 4“ Z 2 + Zp 

=jo*oo952+jo-oo89+jo-oo56s 
—jo *02407 ohms. 

The total earth fault current is then: — 

If=%^— — =28 800 amperes 
Zt 0-02407 

exactly as calculated by the percentage reactance method. Current distribu- 
tion calculation will be as before. 



POSITIVE PHASE NEGATIVE PHASE 

SEQUENCE SEQUENCE 

Fig. 4-22. 


r-T 



Zo 

ZERO PHASE 
SEQUENCE 


It is of interest here to note that where there are two reactances in 
parallel, current distribution is determined as follows: — 


Ia = 
Ib= 


Zx + Zy 
Z x 


.It 

.It 


Zx + Zy 

where Fig. 4-25 represents the conditions 
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Fig. 4-23 


Where, as previously demonstrated, a deita/star conversion is under- 
taken, it is necessary when determining current distribution in the network 
to work backwards. For example, the reactance reduction procedure 
might be as shown at Fig. 4-26 where a delta/star conversion occurs from 
(a) to (b). 

Working backwards for current distribution we have Fig. 4-27, working 
from (e) to (a) and at (b) we have currents in a star to be converted to 
distribution in the delta network at (a). This conversion is carried out by 
making use of the fact that the voltage difference between any two terminals 
of the delta group is the voltage difference between the two corresponding 
terminals of the star group. These voltage differences may be determined 
from the current distribution and reactances of the star group. Having 
found the voltage difference it is divided by the corresponding delta 
impedance, giving the current distribution in the equivalent branch of 
the delta group. Fig. 4-28 illustrates this where at (i) we have the delta/stai 
conversion of reactances and at (2) the star/delta conversion for current 
distribution, the latter determined as follows:- 

Voltage difference A to F (Fig. 4-28) 

^(i*o.j 2 * 33 )-}-(o* 504 .ji- 66 ) 33*167 volts. 

Current distribution 


j3*i_67 

16 


0*528 amperes. 


The other two branches of the delta may be similarly calculated. 



Fig. 4-24. 
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1. IMPEDANCES 



(b) STAR (a) DELTA CONVERSION 
2. UNIT CURRENT DISTRIBUTION 


Fig. 4-28. 
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CHAPTER V 

SHORT-CIRCUIT TESTING OF CIRCUIT INTERRUPTING 

DEVICES 

We have discussed, in Chapter II, the principles of circuit interruption and 
in Chapters III and IV have shown how calculations can be made to ascertain 
the values of short-circuit which may have to be interrupted under fault 
conditions In this chapter we shall be concerned to consider the facilities 
and procedure necessary to prove that an interrupting device will in fact 
perform satisfactorily within the short-circuit ratings assigned to it by the 
manufacturer Service conditions impose many varied duties on circuit- 
breakers and fuses and it is essential that the proving tests made are 
comprehensive to cover all foreseeable circumstances 

The first essential then is to have available the facilities for testing a 
range of apparatus under actual short-circuit conditions, with means of 
close control of the many factors which must be observed, e g current, 
voltage, power factor, recovery and restriking voltages and others, and with 
specialised measuring and recording equipment 

Before considering the basic requirements of such plant, it is of interest 
to record, briefly, the historical background to the establishment of short- 
circuit test plants in Great Britain, going back to the 1920's. In those days 
the short-circuit rating assigned to any interrupting device depended largely 
on the behaviour of similar devices in service, on the interpretation of certain 
empirical formulae advocated by various investigators, by such tests as 
could be carried out on commercial alternators when these were undergoing 
other routine tests prior to despatch, or, in the case of h r c fuses, on heavy 
current d.c tests derived from batteries In addition, the results of early 
researches by the ERA on the fundamentals of arc interruption were 
studied and applied; but with all this, it was rarely ever possible to give any 
recorded proof of performance and much had to be taken for granted 

The need for the establishment of adequate proving facilities and for the 
acceptance of standard specifications against which proving tests could be 
carried out was first urged in the 1920's, particularly by the late H W 
Clothier who campaigned for a national plant under an accredited authority 
Co-operative action of this nature was not forthcoming and in 1929 
independent action on the part of Messrs A Reyrolle & Co. Ltd., led 
to the establishment of the first short-circuit testing station in Great Britain 
at Hebburn, Co. Durham Today there are a number of plants in operation all 
belonging to manufacturers and it is now the rule rather than the exception 
for all interrupting devices to be proved and certified to a specified rating in 
accordance with a testing routine as laid down in the relevant British 
Standard or to agreed rules in amplification, or pending the issue, of such 
standards 

The failure to establish a national plant by co-operative effort has to 
some extent been offset by the linking up of eight British plants in the 
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t^LV. tot Kcuring van EloctrotoehnlicHo Matoriaton 

TIlEfOON 33133* ARNHEM UTRECHTSEWBC 310 


ARNHEM 


CERTIFICATE OF RATING N*. 4782 -59 

Maiaaro. 4dtUMion It }>hiXljLpa Lt4.« Chorlton, Iondon« Eki^lajid, 

HAngRACtOiiiR llooora. Jtftutoon 4 FMlUpa ltd., Chojrtton. London. gi|innd. 

SS *«••• doaifoatod a a FOB < Mark 0 Snrial no — 

eonatruotad in accordanco witk tha draotfiKo and photearaFba 
aaalad and attaehad haroto 

Tna taata kava b«an aad* In aooordanaa with Brltlab Standard 116*195? elau»4adi 

49 and 56. 

Tka parformanec of tha apparatua taatad and obaarvationa nada durins tha taala 
bava boon racordad in tba Sehadulaa of Taat Raaulta and OaeiXlograma 

THE DOCtMBNtS CuNSTXT^TlNO THIS REPOkT ARB 

Sohadula of Taat Roaultoo-Sbaata Nob 5 to 14 tncX. 

Dra«in«a Noa W. 5901007/2 

Photoffrapha Noa 310343, 310346, 310346. 310354. 310355, 310356, 310357. 

Diadraina Noa 

Blaotro-magnatlG-eaetllocraBa Noa 590601 02 ri5 06,07,16. 17. 24, 25. 26. 27. 28, 29, 30,31* 

32,33. 

590602 - 02,03.04.08 09.10,11 1?, 13. 14 . 19,16. 

590603 - 04. 

590605 - ?6.?9 30,31. 

Catboda ray oacillOBrana Noa 


Taat No, 590601 - 02 
taat No. 590601 - 16,17 
taat No. 590601 - 24 
taat No. 590602 - 02.03,04 


Braak taat 
Hako taata 
Kaka • braak taat 
Maka taata. 


Taat No. 590601 - 05.06,07 
Taat No. 590601 - 25,26,27 
Taat No. 590601 « 28.29.30 
foot No, 590601 - 31,32.33 
taat Bo. 590602 • 08 
taat Bo. 590602 - 11,12,13 
taat No 590602 - 14,15,16 


taatdutF 5 wltb 16.4 kA and 23 0 kA aara. 

taatdutF 3 with 11.0 kA 

taatduty 2 with 5.50 kA 

taatdwti 1 with 1,84 kA 

taetdul^ 4 with 18,4 kA 

taata with 0.913 kA 

taata with 0.457 kA 


5^02 - 09,10 Taatduty 4 with 46.8 kA^^^^ and i8.4 kA 


pi| 


Bat No. 590603 - 04 taat with 47.5 kA 


and 19.1 kA during 3«03 aaa. 


B , 590605 - 28 taat with 10.4 kA Bad phaaa 

. 590605 29,30 taata withl8.7 kA. Tallow Phaaa 

. 590605 - 31 taat with i8.5 kA, Blua phaaa, 

Rlnaa ahtalnad and tha danaral parfomanoa ara ewiatdar* 
3«atlfp tha rating aaalBTRad bp tha aanufaeturar. 

Rtalla of tha rating ara atatad balow* 

latB capaoltf at ii kt NakioB oapaeitp 46.6 kA^,^ at 11 kt 
rtrloaX 23.0 kA Vl ‘ 


^ dwtpi t .. 3' « HB , 


3rd Pabruanr 19 


for 3*0 aaeoada, 

NV KEMA 

e . 


N at kaailaa ar ra a radnakaa anh^aoNNww a< *h»» raaoM m Miy aOiw <arm tMn by a caaiptalw aapy N» «ha laOw 


Fig. 5-2. — Typical K.E.M.A. certificate of rating. 
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Association of Short-Circuit Testing Authorities, better known by its 
abbreviated title A.S.T.A. 

Plants similar to those in Great Britain exist in many parts of the world, 
some belonging to manufacturing firms and others, such as that of K.E.M. A.* 
at Arnhem and C.E.S.I.f at Milan, being co-operative organisations 
sponsored by Government Departments, Electricity Supply Undertakings, 
Manufacturers and Research Institutions. Organisations of this type 
embrace many other research and test laboratories, the short-circuit test 
plant being but one section of the whole. British short-circuit test plants 
on the other hand confine themselves largely to such testing and research 
leaving other work such as impulse testing, network studies, atmospheric 
testing and material specifications, to other separate laboratories. 

To establish a short-circuit test plant is an exceedingly costly project 
and there are many switchgear and fuse manufacturers to whom the cost ol 
providing their own facilities is prohibitive. Some of these manufacturers 
have, nevertheless, established relatively small plants designed specially for the 
testing of a particular product, e.g. contactors where the high powers 
associated with circuit-breakers do not arise. 

The facilities of A.S.T.A. test plants have therefore been made available, 
by agreement, to non-owners so that apparatus may be submitted to test 
up to the limits of 33 kV and 750 MVAJ. The facilities of K.E.M.A. and 
C.E.S.I. are equally available and both these authorities undertake tests 
strictly in accord with British and International Standards. 

Apparatus which passes the t2sts successfully is granted a certificate 
of rating coupled with a full report of performance and such certificates 
may be quoted by the manufacturer in justification of his assigned ratings 
Typical certificates as issued by A.S.T.A. and K.E.M.A. are shown in 
Figs. 5-1 and 5-2. 

The stage at which a certificate is obtained for a particular design, 
however, is only one of many stages which may be involved. There will 
be the preliminary stages when the development of a new design requires 
some proof that the basis is sound. This will probably be followed by 
further tests after modifications have been made either in detail or on a 
wholesale scale Proof will be necessary that various operating mechanisms 
(in the case of circuit-breakers) such as hand, spring or solenoid, are adequate 
for the duty imposed on them under short-circuit conditions, particularly 
that of closing a breaker onto a fault Apparatus associated with a circuit- 
breaker or fuse, e.g. busbars, connections, current transformers, must be 
proved as capable of withstanding the stresses, electromagnetic and thermal, 
of short-circuit equal to the breaker or fuse rating. Thus, the development 
of a final commercial product from the early tests to the final certification 
stage may require the services of a test plant at intervals over a period of 
manv months or even years. 

With this background, it is now appropriate to consider the facilities 
necessary for tests to be carried out. The extent of these will depend very 
largely on the limits of both voltage and MVA for which the plant is designed. 
If these limits are those at present recognised for low-voltage h.r.c. fuses 

V. tot Keuring van Electrotechnische Materialen. 
i Centro Elettrotecnico Sperimentale Italiano Giacinto Motta. 
t These limitations have now been removed. 
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or circuit-breakers and/or those for distribution switchgear up to ii or 
22 kV 500-750 MVA, the plant will be very different to that which has to 
cover all voltages up to 300 or 400 kV and fault values up to, say, 35 000 
MVA at the highest level. 

To meet the first case a simplified single-line diagram of the plant could 
well be that shown in Fig. 5-3 but for the second case, the plant would 
more likely appear something like that in Fig. 5-4, a diagram which shows 
the present plant of The Switchgear Testing Co. Ltd.* 

Perhaps the majority of the world's test plants derive power from 
motor-driven generators as the diagrams indicate, specially designed and 
installed for the purpose — this is the case for all British stations. There are 
some, however, such as the C.E.S.I. plant in Milan, where power is taken 


Fig. 



GENERATOR 

MASTER BREAKER 

RESISTORS 

REACTORS 

MAKING SWITCH 

LINK PANELS 

STEP-UP/STEP-DOWN 

TRANSFORMERS 

TEST CELLS 


LUW VaCiN. 

VOLTAGE VOLTAGE VOLTAGE 
PLUS 

5-3.“ -Elementnry connection diagram for simple test plant, 


from the supply company network i.e. the 220, 23 and 6*4 kV systems of 
Edisonvolta S.p.A., as shown in simplified form in Fig. 5-5 and omitting 
all the details of reactors, resistors, master breakers and making switches. 

*Operating for the Switchgear Division of Associated Electrical Industries Ltd 
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Fig. 5-4. — Stiigle-line diagram of short-circuit test plant {The Switchgt 

Testing Co. Ltd.), 
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At the K.E.M.A. plant, motor-driven generators are employed as in 
British stations but a link is provided with the^ 150 kV National Grid 
Networks so that circuit-breakers in certain classes may be tested for line- 
switching ability. 

For the purpose of recording the many values of current, voltage, 
pressure, travel and other quantities during a test, much ancillary equipment 
is necessary and an idea of this is noted in Fig. 5-6. All this equipment 
will be housed in a separate control room from which the tests may be 
observed by the test plant engineers and visitors. 

Nearly every station has some feature of special interest, some in the 
manner of cascading transformers for the very high voltages, others in the 
way they provide for high current at a high recovery voltage by either 
'‘super-excitation** or “over-excitation**, or in the design of some particular 
piece of apparatus, e.g. the making switch. It would be impossible within 
the scope of this book to describe the features of the various stations and 
instead it will satisfy our purpose to give a brief general description of the 
major items, noting that all are specially designed to meet the requirements 
of the station. This is particularly the case in regard to components which 
have to be repeatedly short-circuited, with consequent shock. 

The generators are, in external appearance, not unlike those which exist 
in many power stations, except that they are motor driven. The four 
machines noted in Fig. 5-4 each have a frame size of 60 MVA and the 
driving motor is a i 200 h.p. induction type. Apart from specially braced 
windings, the stator will have a very low reactance in order to give 
the maximum short-circuit output in the first cycle. It may be mounted 
on a resilient base, e.g. springs to minimise the mechanical shock transmitted 
to the foundation by the short-circuit oscillating torque, and its stator 
windings will be arranged for connecting up in various ways. In this latter 
connection, some test generators are arranged so that the stator windings 
can be connected in star or delta to give nominal voltages of ii kV and 
6*6 kV respectively, while others may have two stator windings per phase 
and a terminal arrangement such as to permit the windings to be connected 
in parallel delta or star and series delta or star to give terminal voltages of 
6*6, 11*0, 12-7 and 22*0 kV. These figures apply to most of the British 
stations while the machines at K.E.M.A., again with two stator windings, 
give voltages of 3*2, 5*5, 6*4 and ii kV. 

Just prior to the short-circuit test the excitation of the generator has to 
be boosted to maintain the flux and thus diminish the decrement of the 
short-circuit current, in addition to giving higher values of recovery voltage. 

For tests at voltages other than those at any of the available generator 
voltages (or at C.E.S.I. of the supply network), transformers will be installed. 
To step-down to lower values a three phase transformer is normal but to 
step-up to higher voltages, it is more usual to employ banks of single phase 
units. These transformers are in no way standard types as, in addition to 
being designed to withstand repeated short-circuits, the windings are often 
arranged in sections for voltage adjustment and for series or parallel 
combinations. 

In the station shown diagrammatically in Fig. 5-4, there are in all 
24 single phase step-up transformers as indicated in Table S : 




Fig. 5-5. — Diagram of layout of C.E.S.I. switchgear testing laboratories, Milan 
(See legend on facing page) 



SHORT-CIRCUIT TESTING 




Table 5 : i 


1 

Transformer 

, Ratio of 

1 

1 No. of 

Insulation level 

Number 

1 

unit designation 
(see Fig. 5-4) 

transformation 

1 

1 secondary 

1 sections 

working voltage 
kV r.m.s. to earth 

13 

A 

1 6-35/76 

12 

76 

j 

B 

6-35/57 

I 

1 133 

' 2 

C 

1 6-35/57 

I 

190 ' 

2 

' D 

I 6 - 35/57 

1 I 

1 266 

1 6 

F 

6-35 '76 

1 ^ 

1 160 


The unit A transformers have each of the 1 2 secondary sections brought 
out to a pair of terminals, each section giving 6*35 kV. Any or all of these 
sections may be used to provide voltage settings corresponding to steps 
of II kV (line to line) up to 132 kV. When connected in series with other 
transformers (B, C, D or F) the unit A secondary sections are used as a 
vernier adjustment of total voltage. A few typical circuit arrangements 
are given in Fig. 5-7. 

With the complement of generators and transformers shown in Fig. 5-4, 
the station can test to the values given in Table 5 : 2 


C.E.S.I TEST AND RESEARCH PLANTS: 

LEGEND FOR FIG. 5-5 

A SHORT-CIRCUIT TESTS AT 50 C.P.S.: 220 kV, 3 000 MVA; 60/150 kV, 2 000 MVA 
B NO-LOAD LINE SWITCHING: 60/220 kV. 500 km 
C SHORT-CIRCUIT TESTS AT 50 C.P.S.: 5/30 kV, 2 000 MVA 
D SHORT-CIRCUIT TESTS AT 50 C.P.S.: 220/380 V, 6 500 A 
E STUDIES ON ELECTRIC NETWORKS (A.C. NETWORK ANALYZER) 

F SHORT-CIRCUIT TESTS AT 50 C.P.S.: 0*3/1 kV. 260/75 kA 
G TEMPERATURE TESTS AT 40/65 CP.S., 1*7/6kV, 10 MVA 
H IMPULSE VOLTAGE TESTS: 3-6 MV, 300 kJ 
I HIGH TENSION WET TESTS 

J INDUCED VOLTAGE TESTS AT 300/390 CP.S., 1 *4/60 kV, 4 MVA 
K OUTDOOR HIGH TENSION TESTS (ON LINES, CABLES, ETC.) 

L DIELECTRIC TESTS AT 40/65 C.P.S.. 2 MV. 1 MVA 
M HIGH TENSION TESTS AT 50 C.P.S.. 200 kV, 60 kVA 
N IMPULSE VOLTAGE TESTS: 500 kV, 2 kJ 

O DUTY TESTS ON LIGHTNING ARRESTERS: 25 kV, 700 A FOLLOW CURRENT 
P IMPULSE VOLTAGE AND CURRENT TESTS, 2*4 MV. 90 kJ; 500 kA 
Q DIRECT CURRENT SHORT-CIRCUIT TESTS: 075/3*6 kV. 34/17 kA 

R MECHANICAL AND HIGH TENSION TESTS UNDER CONTROLLED 
ATMOSPHERE CONDITIONS 
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SHORT-CIRCUIT POINT 


LEGEND 

Vr RED PHASE VOLTAGE 

Vy YELLOW PHASE VOLTAGE 

Vb BLUE PHASE VOLTAGE 

It TRIP COIL CURRENT 

P FLUID PRESSURE 

T TRAVEL RECORDER 
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Fig. 5-6 —Test plant measurement circuits. 
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GENERATOR 

MASTER 

BREAKER 

RESISTORS 

REACTORS 

MAKING SWITCH 
UNIT A 

TRANSFORMERS 

BREAKER 
ON TEST 




132 kV 

THREE PHASE 



UNIT D 
TRANSPR 

UNIT C 
TRANSPR 

UNIT F 
TRANSPR 

UNIT A 
TRANSFER 


266 kV 

SINGLE PHASE 



UNIT D 
TRANSPR 

UNIT C 
TRANSFER 

UNIT F 
TRANSF’R 

UNIT A 
TRANSFER 


266 kV SINGLE PHASE 
CAPACITY CURRENT 
MAKING AND BREAKING TEST 



UNIT D 
TRANSF’R 
UNIT C 
TRANSPR 
UNIT F 
TRANSPR 
UNIT A 
TRANSPR 

UNIT A 
TRANSPR 
UNIT F 
TRANSF’R 
UNIT C 
TRANSF’R 
UNIT D 
TRANSF’R 


532 kV SINGLE PHASE 
WITH MID POINT EARTH 


Fig. 5-7. — Some typical test circuits for the higher voltages showing combinations 
of single phase transformers from Table 5:1. {In the single phase diagrams only 
the secondary windings are shown), (The Switchgear Testing Co. Ltd.). 


Table 5 : 2 


Voltage 

MVA 

0-415 to 3-3 kV 

Three phase 

100/300 

6*6 to 22 kV 

Three phase 

I 000/2 800 

33 to 132 kV 

Three phase 

2 400/2 600 

275 kV 

Three phase 

I 600 

66 to 600 kV 

Single phase 



(a) 

900/4 500 

1 

or(b) i 

1 

1 600/3 000 


NOTE — The outputs in this table for single phase tests on one pole of a circuit-breaker are 
expressed as equivalent three phase MVA, those at (a) being for the condition where 
the recovery voltage is equal to the phase voltage and those at (b) where the recovery 
voltage, first phase to clear, on a 600 kV system is 520 kV and covered by the 532 kV 
single phase test connection. 
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In the K.E.M.A. plant there are two short-circuit test laboratories each 
of which can operate as a unit or they can be linked when necessary for 
the higher powers. There are two generators in each laboratory those in 
one each giving 650 MVA three phase symmetrical and in the other, each 
giving I 500 MVA three phase symmetrical. To cover tests at voltages 
above those available from the generators, 12 single phase transformers 
are available arranged in four three phase banks. On two of these banks 
the secondary windings have four sections each giving 12-5 kV, while on 
the other two banks there are two sections per secondary winding each 
giving 25 kV. By connecting in series, series parallel or parallel delta and 
star, a wide selection of voltages up to 100 kV in one laboratory and 220 kV 
in the other is possible. Tests to the values given in Table 5 : 3 can be 
undertaken in this station. 


Table 5 : 3 


LABORATORY I 


Voltages 


MVA ' kA symm. 


0*22 to I *1 

up to 100 kV 
up to 200 kV 
(mid point earthed) 


Single phase or 
Three phase 
Three phase 
Single phase (a) 


i 


750/1 200 
I 300 


0*22 to I *1 


up to 173 kV 
up to 220 kV 
(to earth) 


LABORATORY II 

Single phase or 
Three phase 

Three phase 2 500/3 000 

Single phase (a) ' 3 600 


LABORATORIES I AND II COMBINED 


up to 220 kV 
(to earth) 


Single phase 
' (a) 

(b) 


5 000 
7 500 


40^80 


I 

60/120 


NOTE — The outputs given m this table for single phase tests on one pole of a breaker are 
expressed as equivalent three phase values 

(a) are values where the recovery voltage is equal to 1-5 times phase voltage. 

' > are values where the recovery voltage is equal to phase voltage. 


Series reactors and resistance banks, as shown in the diagrams, are 
provided for the regulation of the test current, the reactors being used to 
adjust the magnitude and the resistors to control the rate of decay of the 
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d.c. component of current. The value of short-circuit power factor will 
also be controlled by this means. ' < 

In all types of testing, the failure of the apparatus under test is a 
contingency which must be allowed for. This is particularly the case in the 
testing of circuit interrupting devices and indeed in some research tests 
it is normal to continue raising the test values by increments until failure 
occurs, even to destruction. In such circumstances the short-circuit must 
be cleared by another circuit-breaker backing up the test piece and in the 
diagrams this is shown as the master breaker. This, set to open a predeter- 
mined time after the initiation of the short-circuit, must be capable of clearing 
faults up to the highest level of each generator or other power source and 
have a substantial margin of safety. The master breakers in the station 
represented by Fig. 5-4 have a breaking capacity of 90 kA symmetrical 
and 1 15 kA asymmetrical at ii kV. 

When testing for breaking capacity only, the master circuit- breaker 
and the breaker to be tested will both be in the closed position and the short- 
circuit will be applied by closing the ‘‘making switch*' (see Fig. 5-3). The 
duty thereby imposed on this switch is very onerous, namely that of making 
on to the high peak current which occurs in the first half-cycle of short- 
circuit and reaching, on some tests, over 100 000 amperes. It is important 
that the speed of closing of this switch be high to avoid pre-arcing as the 
contacts approach the “touch" position. To further assist in this direction, 
some making- switch designs have the contacts enclosed in a compressed- 
air vessel, the air being maintained at about 150 lb. per sq in In certain 
tests it is necessary that the instant of contact-make on the making-switch 
be controlled so that it occurs at a particular point of the voltage wave and 
in this respect very considerable accuracy has been achieved bv the 
application of electronic devices coupled with high-speed closing. When 
testing a circuit- breaker for making capacity, the making-switch will of 
course be closed first, along with the master breaker as, for this test, it is 
necessary that the short-circuit be completed by closing the circuit-breaker 
on test. 

In a test plant for the testing of circuit-breakers of a type used for the 
control of power transmission lines it is often essential that in addition to 
the tests at high power, others should be made to assess the ability to make 
and break the capacity currents associated with the switching of unloaded 
power transmission lines. For this purpose (and others) a bank of high- 
voltage capacitor units will be installed, and used to simulate the conditions 
anticipated in service. In stations with a connection to a supply system of 
overhead transmission, e.g. C.E.S.I., no-load switching tests can be applied 
direct (see Fig. 5-5); similar facilities exist for testing under actual service 
conditions at the Electricite de France testing station at Fontenay. 

For testing circuit-breakers other than the largest (usually high-voltage 
outdoor types) covered bays are provided. These bays are box-shaped 
structures of reinforced concrete with an open front facing the control and 
observation rooms. Fire fighting apparatus and fire-proof doors for closing 
the front opening can be brought into operation in the event of trouble by 
remote control from the control room. 

At a point suitably remote from the test plant and test bays is the control 
house in which the recording and control equipment necessary for the 
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purpose in hand is installed. This house is also designed to provide facilities 
for the safe observation of the tests (both by the station staff and by visiting 
engineers) together with staff offices, etc. 

For the purpose of obtaining data necessary for the test record, the 
electromagnetic oscillograph is used to provide a measurement of the 
following quantities: — 

(a) The short-circuit current in each phase. 

(b) The voltage across each pole of a test piece before, during and 
after a short-circuit. 

(c) Fluid pressure (e.g. in oil circuit breakers). 

(d) Travel of the moving contacts. 

(e) Current in the closing and trip coil circuits. 

(f ) Generator voltage. 

An example of such a record will be given later. 

The electromagnetic oscillograph records the normal-frequency recoverv' 
voltage that appears across the terminals of a circuit-breaker after opening 
on a short-circuit, but it does not record the high-frequency restriking 
voltage transients, which may have a frequency up to 50 000 cycles per 
second and which may affect the performance of the circuit-breaker. This 
transient voltage is discussed in Chapter II and its nature shown in Figs. 2-3 
and 2-5. Its measurement demands the use of a high-speed cathode-ray 
oscillograph, an instrument which may also be used to ascertain the severity 
of the various test-circuits available on the plant, as determined by their 
high-frequency characteristics. This involves the making of a large number 
of special short-circuits during which cathode-ray oscillograms are taken. 
By the use of a restriking voltage indicator (see Journal I.E.E., Vol. 80, 
page 460, 1937) it is possible for severity data to be obtained without the 
necessity of making actual short-circuits, and results agree vcr\ closeK' 
with those obtained with a cathode-ray oscillograph. 

Miscellaneous apparatus available in a test plant will include compressed- 
air plant, oil storage, pumping and purification equipment and photographic 
apparatus both still and cine. In many stations the latter will include 
equipment for high-speed photography for the study of the arc during the 
fraction of a second it exists, and such cameras have been developed capable 
of taking thousands of frames per second.^ 

Finally, there will be a workshop with facilities for modifying detail 
parts of the apparatus under test and for repairs as may be necessary 

Mention has been made earlier of the existence of short-circuit test 
stations of a somewhat special nature which have been established to provide 
proving facilities for a particular piece of apparatus e.g. l.v. h.r.c. fuses, 
contactors, etc. An example of a plant designed specifically for the testing of 
fuses is one established originally by W. T. Henley’s Telegraph Works 
Co. Ltd., now the Cable Division of Associated Electrical Industries 
Limited and here, while the plant follows the general line of much larger 
plants as discussed, there are a number of features of difference. Firstly 
it is a single phase plant to satisfy the test conditions of B.S. 88 and can 
cover all requirements of this specification up to 46 000 amperes r.m.s. 
prospective, (fuse category AC5) at 250 and 440 volts. The alternator 

*See article by Thomas, Roberts and Legg noted in the bibliography. 
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(motor driven) gives a nominal voltage of i 760 volts and is coupled directly 
to a step-down transformer with the master circuit-breaker between, as 
shown in Fig. 5-8. 

It is important in fuse testing that facilities exist to control the point 
on the voltage wave at which the short-circuit is made, and B.S. 88 states 
that in the test for rated breaking capacity the short-circuit must be applied 
at a rising voltage of 50 per cent of the peak value with a tolerance of plus 
or minus 15 per cent of the peak value. At this station the point on* wave 
control has been achieved with consistent accurate timing with specially 
designed electronic equipment operating direct from the single-phase test 
voltage. In this station, too, it will be noted (Fig. 5-8) that the resistance 
and reactor banks, together with the making switch, are all placed on the 
output side of the test transformer and not as in Figs. 5-3 and 5-4 on the 
input side. Placing the resistances and reactors in this way facilitates the 
adjustment of the test circuit parameters to within fine limits and, in addition, 
the apparatus can be designed for use at the lower voltage. The test 
transformer itself is an air-cooled unit designed to withstand a secondary 
current of 46 000 amperes for two seconds. 

This station, like many other British plants, derives its source of motor 
driving power from the supply network, and in such circumstances some 
provision must be made to avoid drawing excessive current from the mains 
at the instant of short-circuit. In some stations, this provision is made by 
disconnecting the driving motor just before the short-circuit is made. In the 
station under review, the driving motor is of the slip-ring induction type 
controlled by a resistance starter. At the start of the short-circuit, this 
resistance is automatically re-inserted in the rotor circuit, thereby controlling 
the current taken from the mains, but immediately the test sequence is 
complete, the resistance is shorted out so that the motor resumes its norma, 
running condition. 

A typical short-circuit test plant designed for proving, in particular, 
contactors or small circuit-breakers is one established by The Belmos Co. 
Ltd., and here the test alternator gives a voltage of 440 volts 3 phase and 
can produce short-circuit currents up to a maximum of 17000 amperes 
at 440 volts. 

The stator windings can be connected in star or in delta and the alternator 
is driven up to speed by an induction motor through a V-belt drive and 
gearing. The rotating mass, consisting of the motor and alternator rotors 
and gearing, has sufficient kinetic energy stored in the system when running 
at full speed to ensure very little loss of speed due to momentary short- 
circuit loading and tests can therefore be carried out in rapid succession. 
This is a requirement when testing contactors, B.S. 775 specifying 50 
operations at 10 second intervals or 100 operations at 3 second intervals, 
depending on the duty class. Such short intervals between making and 
breaking tests would be extremely difficult to maintain if at each short- 
circuit the driving motor was disconnected from the supply and had to be 
reconnected and brought up to speed again. The driving system in this 
station has been found to so buffer the effect on the supply system to the 
motor as to render it unnecessary to disconnect the latter except under 
special circumstances. For example, the set can give an output of 4 MVA 
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Fig. s-^ Schematic diagram of short-circuit test plant for testing low and medium voltage h.r.c. fuses (Associated 
Electrical Industries Ltd. — The Henley Short-Circuit Testing Station). 
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for five cycles, repeated continuously at three second intervals. This covers 
a test on 450 ampere contactors at 3 600 amperes, 650 volts, 0*5 p.f. 

In a station such as this, when limited to tests at voltages not exceeding 
500 or 600 volts, the normal two-winding transformer is not essential and 
instead an auto-transformer can be used. For tests on 3 300 volt contactors, 
however, a step-up transformer is necessary. 

Having considered the special plant necessary for the short-circuit 
testing of circuit-interrupting devices, it is appropriate to take brief note 
of the tests which are necessary to prove the ratings assigned to a particular 
design. These tests will naturally vary, depending on the device, and it will 
be obvious that while a circuit breaker must be capable of breaking, making 
and carrying short-circuit currents, a fuse will largely be concerned only 
with the breaking duty, and an oil switch, having no automatic protective 
tripping devices, will be concerned only with breaking normal load currents 
and making or carrying short-circuit currents. These variations are covered 
in the standard specifications for the various types of apparatus or, where no 
specification exists which includes short-circuit test provisions, in sets of 
rules governing these issued by A.S.T.A., until such time as a standard 
specification is issued to supersede the rules. 

We find therefore that tests recognised in Great Britain will be made in 
accordance with the undernoted documents — 


Oil circuit-breakers 
Oil switches 
Fuses up to 660 V 
Fuses above 660 V 
Air-break circuit- breakers 

Circuit-breakers and automatic switches in 
combination with fuses and fuse links . . 


B.S. 1 16 or B.S. 936 
B.S. 2631 
B.S. 88 
B.S. 2692 
A.S.T.A. No, 16 

A.S.T.A. No. 22 


Unit testing of circuit-breakers for making 

capacity and breaking capacity . . . . . . A.S.T.A. No. 15 

If we consider, first, the tests necessary to B.S. 1 16, B.S. 936 and A.S.T.A. 
No. 16, all covering circuit-breakers, it is noted that two broad differences 
exist, namely as between those circuit-breakers which may have to deal 
with both symmetrical and asymmetrical conditions and those which may 
have only to deal with the symmetrical condition. The latter are generally 
assumed to be those circuit-breakers intended for use in those parts of a 
system generally remote from the power source where marked asymmetry 
cannot occur and where the short-circuit operating duty requirements and 
restriking voltage conditions are not severe. Such breakers are covered by 
B.S. 936 and Class A in A.S.T.A. No. 16. 

The specified tests for breaking and making capacity in the two groups 
are therefore — 


B.S. 1 16 and A.S.T.A. No. 16 Classes B and C. 


(1) B-3'~B-3'~B at 10 per cent of rated symmetrical breaking capacity. 

(2) B-3'-B-3'-B at 30 per cent of rated symmetrical breaking capacity. 

(3) B-3'~B‘“3'~B at 60 per cent of rated symmetrical breaking capacity. 
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(4) B-3 '-MB at not less than 100 per cent of rated symmetrical 

breaking capacity and not less than 100 per cent 
of rated making capacity. 

(5) B-3'-B-3'~B at not less than 100 per cent of rated asymmetrical 

breaking capacity and with a d.c. component at the 
moment of contact separation not less than 50 per cent 
of the a.c. component in one phase in each breaking 
operation. 

B.8. 936 

(1) B~3'-MBat 30 per cent of rated symmetrical breaking capacity 

and making capacity. 

(2) B-3 ' -MB at not less than 100 per cent of rated symmetrical breaking 

capacity and not less than 100 per cent of rated making 
capacity. 

A.S.T.A. No. 16 Class A 

(1) B-3'-B at 10 per cent of rated symmetrical breaking capacity. 

(2) B-3'-B at 30 per cent of rated symmetrical breaking capacity. 

(3) B-3'-B at 60 per cent of rated symmetrical breaking capacity. 

(4) B-3 '-MB at not less than 100 per cent of rated symmetrical 

breaking capacity and not less than 100 per cent of 
rated making capacity. 

In the foregoing the symbols used have the following significance 

B . , denotes a breaking operation. 

M . . denotes a making operation. 

MB . . denotes a making operation followed by a breaking operation 
without the introduction of any intentional time lag. 

3' .. The time in minutes between successive operations of an 

operating duty. 

In addition to the foregoing tests, it is recognised that in certain circuit- 
breakers there may be a critical current, below the 10 per cent value, at 
which the arc duration is a maximum and shows a marked increase compared 
with that corresponding to the rated breaking capacity. To vover such 
contingency it is usual to submit circuit-breakers to an additional test at 
5 per cent of the rated breaking capacity or less. The circuit- breaker illus-- 
trated in Chapter VI, Fig. 6-2, has in fact been tested down to 2*5 per cent 
as will be shown in the typical test data to be given later. In other tests, 
these circuit-breakers have been proved down to i per cent of rating. 

As a further check on oil circuit-breakers which have all three poles 
within one enclosure, it is a requirement that the circuit- breaker is capable 
of breaking 100 per cent of the symmetrical breaking current applied to 
one pole, usually an outer pole. This test at phase-to-neutral voltage 
comprises one or more “break" shots to show that the operation is not 
adversely affected by unbalanced forces produced under such conditions. 
In service they might arise in the case of a fault between one line and earth 
where the impedance in the earth circuit is very low. Here again the circuit- 
breaker previously referred to has been subjected to such tests. 
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In all tests, the conditions must approximate closely to those expected 
in service and, for this reason, the recovery voltage, and power factor must 
be within prescribed limits. Recovery voltage, or the voltage appearing 
across the open contacts at current zero, must not be less than 95 per cent 
of the rated service voltage for circuit-breakers up to and including 500 MVA. 
For larger breakers it is specified that the recovery voltage shall be as near 
to 100 per cent as possible, but a variation is permitted depending on the 
rating of the breaker and the test duty. This variation is permitted because 
it is not possible, due to limited size of test plants, to obtain high percentage 
values of recovery voltage at the higher values of test MVA, i.e. above 
I 500 MVA, three phase. Extensions to British testing stations have made 
it possible to provide a recovery voltage not less than 67 per cent of the 
rated voltage. 

Recovery voltage depends in some degree on the excitation of the test 
machine and on the power factor, the effect of the latter having been 
demonstrated in Chapter II, Fig. 2-1 and the various specifications include 
values of power factor for the test circuit, these not to exceed 0*15 for 
B.S n6 circuit-breakers up to 500 MVA and class B and C circuit -breakers 
to A.S.T.A. No. 16 and 0*3 for all others. In many short-circuit tests, 
values of power factor much below the specified values are obtained. In 
service, low power factors are to be expected at points close to a source of 
power and higher power factors at remote points. 

In the tabulation of tests noted earlier, it is indicated that in the first 
group, Test No. 5 is one intended to prove the behaviour of a circuit-breaker 
when called upon to interrupt a highly asymmetrical current. As is well 
known, asymmetry occurs to a greater or lesser degree in all phases of a 
short-circuited three phase system and in one phase it will be much more 
pronounced than in the other two, so much so that this one phase might well 
be completely asymmetrical in the first major half cycle of short circuit as 
shown in Fig. 5-9. Where the degree of asymmetry in two phases is equal, 
then the third phase may be symmetrical. 

This illustration shows how the high degree of asymmetry at the 
commencement of a short-circuit is progressively reduced until at some 
point the curve of short-circuit current will become symmetrical, i.e. reach 
its steady state. In the majority of circuit- breakers contact separation will 
occur before this steady state is reached so that they will always be called 
upon to deal with some degree of asymmetry. For this reason, •standard 
specifications state that in all symmetrical breaking capacity tests, the d.c. 
component (see Fig. 5-9) shall not exceed 20 per cent* of the a.c. component, 
but in the asymmetrical test, the d.c. component must not be less than 50 
per cent of the a.c. component, the value 20 per cent relating to any phase 
and the value 50 per cent to one phase. Thus, from Fig. 5-9 it is seen that 
the point of contact separation is important in the various tests to ensure 
compliance with the specified limits of d.c. component, and in the asym- 
metrical test it may be necessary, to ensure the 50 per cent d.c. component 
at contact separation, to energise the circuit-breaker trip coil slightly in 

*In many tests much lower values are obtained and, theoretically, the d.c. component could be 
zero. For circuit-breakers above 500 MVA, test authorities may allow a d.c. component in 
excess of 20 per cent in tests 3 and 4 provided the value of active recovery voltage is reduced-^ 
^ee Clause 51 (e) B.S. 116 : 1952. 
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advance of the closing of the making-switch to apply the short-circuit, so 
that the contacts have begun to move and they will separate at a very early 
point in the current wave e.g. at BiB, in Fig. 5-9. Otherwise, if the breaker 
is tripped after the short-circuit starts, its normal operating time to the 
point of contact separation may produce a value of d.c. component well 
below so per cent, e.g. at BB in Fig. 5-9. 

It may be noted here that different circuit-breakers are affected in 
different ways by asymmetry in the current wave and, broadly, these 
differing performances are dependent on whether or not the design is 
sensitive to voltage and not so much to arc energy or vice versa. These are, 
very roughly, the differences between air-blast and arc-controlled oil breakers. 

All circuit-breakers must be tested for ability to '^rnake'* on to a short- 
circuit and here the asymmetrical condition is unavoidable. The current at 



AA= START OF SHORT-CIRCUIT 
BB & BiBi- INSTANTS OF CONTACT SEPARATION 

lac- PEAK VALUE OF AC COMPONENT OF 
CURRENT AT CONTACT SEPARATION 

Idc-DC COMPONENT OF CURRENT AT 
CONTACT SEPARATION 

ldc.100 PERCENTAGE DC COMPONENT 
lac AT CONTACT SEPARATION 
CC= DISPLACED ZERO-LINE OF CURRENT WAVE 

DD-RMS VALUE OF SYMMETRICAL CURRENT 
AT ANY INSTANT MEASURED FROM CC 


lac 

:^-RMS SYMMETRICAL BREAKING CURRENT 


y^Jacj*+ldc*-RMS ASYMMETRICAL BREAKING CURRENT 


M- MAKING CURRENT (PEAK VALUE) 


Fig. 5-9 . — Illustrating symmetrical and asymmetrical values of short-circuit 
current and peak making current. 
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contact touch will be the peak current in the first half-cycle (major loop) 
of short-circuit and if, as we have discussed earlier, complete asymmetry 
occurs in one phase, this peak value can reach the very high figure of 2 * 5 $' 
times the r.m.s. value of symmetrical current for power factors of 0-15 or 
less and 2 *0 times for power factors of about o *3 . This peak value M is shown 
in Fig. 5-9 and thus if the r.m.s. value of symmetrical current broken on a 
particular circuit is shown to be, say, 21 900 amperes, the circuit-breaker 
can be called upon, under the worst circumstances, to ‘'make** on to a peak 
value of 56 000 amperes. 

The severity of duty imposed on a circuit-breaker closing on to a short- 
circuit is largely due to the magnitude of the electromagnetic effects caused 
by the high peak current, which we shall note in Chapter VI when discussing 
contact grip and loop effects. 

It will be noted that when testing for “make** operations a “break** 
operation immediately follows, because it may be assumed that with a fault 
on the system it should be immediately cleared, hence the test covers 
‘ ‘MB* * duty. It is of interest here to note that standard specifications recognise 
the existence of two classes of circuit-breaker, one described as having a 
“fixed trip** such that the breaker is free to trip only when it is fully closed, 
and the other described as “trip-free** and such that it is free to open 
immediately the tripping impulse is applied during a closing operation. 

Thus, when carrying out short-circuit tests, a circuit-breaker of the 
fixed-trip type must, when making on to the short-circuit, latch in the fully 
closed position before re-opening to perform the break part of the test. 
In the trip-free type, the tripping impulse may be given at any time during 
the closing stroke and thus the time interval between contact-make and 
contact-break may be very short, with the result that at contact-break the 
d.c. component may be considerably greater than the symmetrical break 
condition requires, i.e. not more than 20 per cent of the a.c. component. 
In such circumstances the test authority is permitted to segregate the 
make-break tests and carry out separate break and separate make tests. 
When separate tests are made, it is necessary to demonstrate, or test evidence 
must be produced, that the apparatus under test is capable of performing 
a make-break test duty (MB-3-MB) at values of voltage as near to the rated 
values as is practicable for the test plant. In this connection, too. Clause 52 
of B.S. 1 16 details other requirements which have to be met, and certain 
permissible variations. 

In certain classes of circuit-breaker the characteristics may be such as 
to inherently reduce the short-circuit current value below that which would 
appear had the circuit-breaker not been present. In such cases, the circuit- 
breaker will be credited with interrupting or making the values of current 
derived from what is termed prospective current tests, i.e. tests to produce 
oscillograms similar to that in Fig. 5-9 without the breaker present. This 
condition is particularly applicable to h.r.c. fuses. 

Tests such as those described will all be recorded on oscillograms from 
which the test authority will measure the various values of current, voltage, 
pressure, arcing and total operating times etc., and it is of interest in this 
connection to consider two oscillograms, Figs. 5-10 and 5-1 1 , which have 
been specially marked to show the points of measurement. The first 
oscillogram is that of a “break** test and the second that of a “make break** 
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test, but before these can be fully studied it is necessary that certain no-load 
timing tests be made from which it is possible to determine the exact point 
on the travel curves at which contact “break” and contact “make” occurs 
in the circuit- breaker under test, and also to show the relationship between 
these happenings and the impulse given to the trip coil on breaking or the 
closing coil on making. Oscillograms are therefore taken, on which will be 
recorded four traces to show, in the case of the breaker opening, the trip 
coil current, the opening travel curve of the moving contacts, the instant 
of contact separation and a 50 cycle (or other frequency) timing wave, all as 
shown typically in Fig. 5-12, or in the case of the breaker closing the contacts 
touch instead of separation, and closing coil current instead of the trip-coil 
and the travel curve of closing instead of opening. 

To obtain the trace of contact separation, current (usually d.c.) is passed 
through the closed contacts of the circuit-breaker to an oscillograph element 
so that, initially (while current flows), the spot is deflected above zero and, 
when the contacts separate, the spot assumes its zero position. 

The trace which indicates the travel of the contacts is obtained by d.c. 
current passing through a variable resistance, the slide of which is connected 
to the moving contact system, resistance being cut out as contact is made 
with each successive stud and thus giving a stepped curve. This curve 
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enables the speed of break to be determined and shows how, initially, the 
speed of movement is slow due to the friction between the fixed and moving 
contacts and how, after separation, considerable acceleration occurs. It is 
often necessary to cushion the moving contact system at the end of its 
stroke by means of oil or air dash-pots and this may be reflected in the travel 
curve by a suggestion of rebound prior to the contact system finally settling 
in the dash-pot. 

From these two traces it will now be noted that it is possible to determine 
at which step on the travel curve contact separation occurs or, conversely, 
where contact make occurs, and enables the line of contact separation to be 
marked on the oscillogram of actual short-circuit test as will be seen later. 

In making this timing test, the trip coil which causes the circuit-breaker 
to open is automatically energised by the oscillograph and a trace of the 
current in the coil is recorded. 

The timing wave trace is simply the trace of a 50 cycle wave (only the 
upper half being recorded in the example shown) and gives a measure of 
time, this being 0-02 second between successive peaks. 
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How these timing oscillograms are used in the interruption of an 
oscillogram of actual short-circuit test can now' be seen by reference to 
Figs. 5-10 and 5-1 1. At the foot will be seen the travel curve, the trip coil, 
closing coil, current curve and the timing wave discussed earlier. 

Studying first the oscillogram of a * 'break'* test. Fig. 5-10, it will be 
noted that three vertical lines are drawn marked “M", "CS" and "B", 
respectively. 

The line “M" is drawn at the point at which short-circuit occurs (initiated 
by closing of the making switch), a point easily discernible as that at which 
current wave traces begin. 

The line “CS" is drawn at the point of contact separation determined 
from the timing wave after reference to the timing oscillogram, i.e. in Fig. 
5-12, the point of contact separation is noted as being at step 15, and by 
counting this number of steps on Fig. 5-10 the point "CS” is determined. 

The line at "B" indicates the point at which final interruption of the 
short-circuit is made and is determined by reference to the traces of current 
where the last phase to clear becomes zero. From the information so far 
noted, coupled with reference to the 50 cycle timing wave and the trip coil 
current curve, it is possible to determine the following — 

(a) The opening time of the circuit-breaker, measured horizontally 
from point “T" (trip coil energised) to point “CS". 

(b) The arcing time, measured horizontally from point "CS" to point 
"B". 

(c) The total break time, measured horizontally from point "T" to 
point “B". 

(d) The arc length, measured vertically between points “CS" and "B" 
as indicated. 

The record of Fig. 5-1 1 is not very different from Fig. 5-10 but here 
the short-circuit is made by closing the circuit-breaker under test to complete 
the short-circuit and the breaker "makes" and then "breaks". Hence, the 
travel curve in this illustration shows the movement of the contact bar in 
two directions. 

Three lines are drawn as in the earlier description, that at "CM" being 
the point at which the contacts touch on the closing stroke, i.e. at step 15. 
Other points ("CS" and "B") are determined as previously, while the 
distance measured horizontally between "CM" and "B" is the total make- 
break time of the circuit-breaker. This illustration has one additional trace, 
i.e. that of closing coil current. 

We may now consider in some detail the other records which these 
oscillograms show. 

Right at the top is a trace "Vl" giving the line to line voltage. Initially, 
this records the open-circuit voltage at the generator terminals. Close 
examination of this trace will show that at the point "M" (or "CM") there 
is a reduction in the voltage. The value of this reduction is equal to the 
inductive drop in the generator windings, and it is a progressive reduction 
as the generator field is demagnetised. 

At the point "B", the short-circuit is cleared and the generator terminal 
voltage builds up slowly to its original open- circuit value. 
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Three current traces are now noted, for the red, yellow and blue phases 
respectively. Up to the point of short-circuit or this trace is 

a zero reaing. Thereafter, it follows a sine-wave form until clearance is 
made at 

It should be particularly noted that these traces are, with one exception 
(i.e. that for the blue phase current in Fig. S-ii), all offset to some degree 
about zero, thus illustrating the asymmetry of which note has been made 
earlier. 

The current broken is measured at the instant of contact separation “CS*', 
and it will be recalled that in certain duty cycles, symmetrical values of 
current are used, whilst in one duty cycle it is the asymmetrical value of 
current which is used. The current in the first case is not considered to be 
symmetrical if the d.c. component in any phase exceeds 20 per cent. In 
the second case, to be asymmetrical, the current in one of the phases must 
have a d.c. component of 50 per cent or more. 

In Figs. 5-10 and 5-1 1 the d.c. component is shown by Id and the peak 
a.c. component by la and it follows that the — 

^ , OP+ON 

a.c. component = la = 


d.c. component = Id = 


OP -ON 
2 


% d.c. component 


Id 
la * 


100 


For symmetrical breaking current, the r.m.s. symmetrical value is 

— 

V2 

For asymmetrical breaking current, the r.m.s. asymmetrical value is 


-/(vtT+ 

In a “make-break*' shot, the breaker contacts have to close on to a peak 
current as we have previously noted. The value of this peak current is that 
of the first major loop of the current wave after the instant of short-circuit 
“CM" (Fig. 5-1 1) and is marked Im, measured between the current zero line 
and the peak of the wave. It is of interest to note that the current wave of 
red phase current shows a minor loop immediately after “CM" and this is 
ignored, the making current in that phase being that of the major loop 
which immediately follows. 

We can now consider the three traces which record the phase voltages, 
red, yellow and blue. It is best to consider first the record of these voltages 
for the make-break test. Fig. 5-1 1. 

Initially, the full phase- volts are across the open circuit-breaker contacts. 
At the point “CM" where current starts due to closing of the contacts, the 
voltage falls to zero, being absorbed in the generator windings and the series 
reactors. At the point “CS" where the contacts separate an arc is struck 
which continues until final extinction at point “B". Between these two 
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I^ints it is noted that voltage appears, first above, and then below the zero 
line in succession as the current alternates above* and below zero. This 
voltage is the arc voltage (see also Chapter II) and, since the arc path is 
almost pure resistance of a value proportional to the arc length for a given 
current, the arc voltage is in phase with the current and its value progressively 
increases as the arc lengthens due to the contacts separating. 

Close examination of the oscillograms will show that the arc is extin- 
guished in one phase before the other two. This is because the current in 
an a.c. circuit can be extinguished only at a normal zero or very near to it. 
Since current zero occurs at different instants in the three phases, one phase 
must be interrupted first. When this occurs, the currents in the other two 
phases are equal and opposite and the circuit becomes single phase. Both 
of these currents will be interrupted at the subsequent zero since one phase 
acts as a return path for the other. 

At the instant when the arc is extinguished in the first phase, the voltage 
across the arc path rises to a value which may reach 1-5 times the open 
circuit value (refer Chapter II, Fig. 2-4). 

Furthermore, it is at point B that transient voltages appear (as described 
earlier) and these can be studied only by means of a cathode-ray oscillogram. 
Subsequently, the voltage assumes a normal sine- wave form and this is known 
as the recovery voltage (not to be mistaken for or confused with the transient 
restriking voltage). This recovery voltage must reach a prescribed value as 
set down in B.S. 116 or B.S. 936 and it is measured between lines during 
the second complete half-cycle after final interruption (point **B'')‘ 

This is shown at RRj in Fig. 5-11 and T Vr is the recovery voltage 
line/line) then, 

RRi 

Vr- — 

2V2 

Alternatively, the line to line recovery voltage may be derived from the 
average value of the phase components (Vph) measured in each phase 
during the second complete half-cycle after *‘B'’ thus — 

Vr-- V3 Vph for a three phase test 
where + 

and where Va, Vb and Vc are the red,_yellow and blue phase voltages 
respectively, indicated in Fig. 5-11 aszVz Vrc in each voltage trace. 

The phase voltage traces in a *'break" test. Fig. 5-10, differ from those 
in a * 'make-break'' test in that no voltage is recorded prior to the commence- 
ment of current flow because the circuit-breaker under test is isolated from 
the power source by the open condition of the making-switch. 

Examination of the traces of phase voltage between the points "M" and 
''CS" or "CM" and "CS" show that they undulate slightly. In some heavy 
current tests this is much more pronounced and is due to the resistive and 
inductive drops across the circuit-breaker and its connections prior to 
contact separation. 

Three further traces on the oscillograms represent the power absorbed 
in the arc in each phase. These are noted as red, yellow and blue phase kW 
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respectively and the deflection at any point is proportional to the instan- 
taneous values of arc-current and voltage across the arc. Note that the 
deflection is always in the same direction, i.e. above the zero line, because 
the arc power factor is unity. By determining the area of the trace above 
the zero line, the energy consumed can be obtained with the aid of appro- 
priate kilowatt and time scales. This value is stated in kW seconds. 

For circuit- breakers which employ oil as the insulating medium it is 
usual to record the pressure attained within the tank and is shown in Figs. 
S-io and 5-1 1 recorded in lb. per sq. in. by measurement against a pressure 
scale. In oil circuit- breakers having arc-control devices, most of the pressure 
will be contained within the devices, showing only relatively low values in 
the tank. By special arrangements it is possible to record the pressure within 
the arc- control device. 

There is one other important test for circuit- breakers, namely that to 
determine the ability to carry short-circuit current for a given period of time. 
This is necessary because under fault conditions the short-circuit current 
may have to be carried by two or more circuit-breakers in series, the one 
nearest the fault having the duty of interrupting the fault (by reason of 
discriminating protective gear), those further back in the line having to carry 
the current but not trip out. 

That a circuit- breaker will perform this latter task is proved by the 
short-time current test, the time period being determined as 3 seconds 
where the ratio of the rated symmetrical breaking current to the normal 
current is equal to or less than 40 or i second where the ratio as above is 
more than 40, noting that for circuit-breakers to B.S. 936 only a i second 
rating is specified. In all cases except those where the breaker is fitted 
with series-trip coils or overcurrent release coils, the rated 3 -second or 
I -second short-time current must not be less than the rated symmetrical 
breaking current. Appendices to the appropriate British Standards give 
details as to th^ procedure of measurement and calculation of the equivalent 
r.m s. value of current over the period of test. 

At this stage it will be of interest to study the data which accompanies 
any series of proving tests and for this purpose it is convenient to take that 
which applied to the series of tests which resulted in the certificate shown 
in Fig. 5-2 for an oil circuit-breaker with arc-control devices and assigned 
the following ratings to B.S. 116:1952, Class A. 

Service voltage . . . . . . . . . . 1 1 kV 

Normal current . . . . . . . . . . 800 amperes 

Breaking capacity at 1 1 kV 

Symmetrical . . . . 18*4 kA (equivalent to 350 MV A) 

Asymmetrical . . . . 23 *0 kA 

Making capacity . . . . . . . . 46*8 peak kA at kV 

Operating duty . . . . . . . . . . B-3 MB- 3 '-MB 

The data applicable to the tests are given in Table 5 : 4, it being noted 
that all were made at power factors less than o-i lagging 

To illustrate these tabulated results, two of the oscillograms are given 
in Figs. 5-13 and 5-14, being respectively those for second make-break test 
in Test duty No. 4 and one of the additional tests made on one pole of the 
breaker. 
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*These oscillograms reproduced as Figs. 5-13 and 5 - 14 . 

All data in the above table have been produced by permission of N. V. tot Keuring van Electrotechnische Materialen {KEMA) from their Report No. 
4782-59 covering tests on a circuit^breaker for Messrs. Johnson & Phillips Ltd., rated 350 MV A at ii kV. 
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Fig. 5-13. — Oscillographic record of oil circuit-breaker performance, test duty No, 4 — Table 5 : 4 second 

make-break test (Johnson & Phillips Ltd,). 
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Fig. 5-14. — Oscillographic record of oil circuit-breaker performance ^ single pole test at full rated interrupting 

current — see Table 5 : 4 {Johnson & Phillips Ltd.). 
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The rules for short-circuit testing of circuit-breakers include a variety 
of departures and alternatives acceptable under certain prescribed conditions 
in addition to data as to what is and what is not permitted in the course of 
testing. The extent of this material is such as to preclude reference here 
and the reader must therefore be referred to the British Standards or A.S.T. A. 
rules for details. 

In Chapter VI note will be taken of the more extensive use being made 
today of oil switches on distribution systems at 3 *3 to 33 kV. These switches 
are primarily intended for isolating and earthing ring main circuits by hand 
without protective devices and therefore are not called upon to break short- 
circuit current. They are, however, subject to (a) being closed on to a fault 
and therefore must have a rated making- capacity and (b) carrying a through 
fault for a period of time, e.g. 3 seconds, and must have a short-time rating. 
The requirements for the testing of this apparatus have been included in 
B.S. 2631 : 1955 and show that the following should be complied with. 

1 . The main switch must be capable of breaking normal load and 
charging currents and test duty cycles B-3-B-3'~B at 130 per cent 
and 30 per cent of normal current rating, e.g. 400 amperes, are 
specified at a power factor of 0-7 lag. 

2. The main switch and the earthing sivitch must both be capable of 
making on to the peak current in the first half cycle of short-circuit 
(as previously described) and a test duty cycle M-3'~M at 100 per 
cent of making capacity is specified and on “making'*, must be held 
for at least 10 half-cycles. 

B.S. 2631 schedules a range of standard sizes which indicates that at 
each voltage a preferred upper limit of making capacity is 33*4 k A peak 
and a through short-time rating of 13*1 kA for 3 seconds. 

There are in use today a number of circuit-breakers and automatic 
switches which, in themselves, have only a limited breaking- and making- 
capacity but when backed up by h.r.c. fuses or fuse-links can be regarded 
as being adequate for use on systems whose fault values are within the 
rating of the fuses or fuse-links. Tests to prove such combinations have been 
enumerated in A.S.T.A. No. 22 and include tests under circumstances 
where the fuse-link has or has not been separately tested, tests to prove the 
ability of the circuit-breaker or switch to make and break fault current 
within its own ability, i.e. fuse links replaced by links, and tests at five times 
the normal current rating or twice the take-over current (i.e. the current 
at which the fuse-links take over the current-breaking duty from the circuit - 
breaker or switch) whichever value is the higher, again with the fuse-links 
replaced by links. 

Tests made with the fuses or fuse-links present must be at power factors 
applicable to the type of fuse-link and the British Standard appropriate to the 
type, e.g. B.S. 88. Tests made with the fuse-links removed may be at a 
power factor not exceeding 0*7 lagging. 

Particularly for h.v. rural distribution, the use of fuses, usually pole- 
mounting, is an economical form of protection and in B.S. 2692 : 1956 a 
range of such fuses is covered for voltages in the range 2*2 to 66 kV and with 
breaking capacities from 25 to 750 MVA three phase. This specification 
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has to recognise the existence of various types of fuse such as liquid, oil-tank, 
current limiting, etc., and in addition, those used in the primary circuit of a 
voltage transformer and a comprehensive series of short-circuit tests are 
given to cover these various types. 

Some idea of the short-circuit powers available for testing have been 
noted earlier and it will be clear that these powers cannot, except at very 
high cost, keep pace with the ever-increasing short-circuit MVA associated 
with modern high-voltage high-power systems, e.g. 35 000 MVA or more. 
Thus, circuit-breakers designed to meet these high MVA values cannot be 
submitted to full scale testing, but as will be seen in Chapter VIII many 
of these circuit-breakers are of the air-blast type employing several identical 
interrupting heads in series per phase and it is therefore possible to assess 
the behaviour of a complete circuit-breaker up to its rated making and 
breaking capacity from tests made on one or more of the interrupting 
heads, at an appropriate fraction of the full recovery voltage. This method 
of testing requires that the design of the breaker as a complete unit is such 
as to ensure equal voltage distribution between all the breaks in series, a 
feature normally achieved by shunting each break with resistance or 
capacitance, as noted later in our discussion on air-blast circuit-breakers. 
To cover this form of unit testing, a set of rules has been issued by 
A.S.T.A. in their document No. 15. 
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OIL CIRCUIT-BREAKERS AND OIL SWITCHES 


(In spite of the extensive development of air-break and air-blast circuit- 
breakers in their respective voltage ranges, the oil circuit-breaker is still 
the most widely used type of interrupting device for power networks up to 
66 kV and is still favoured in many quarters for voltages up to the highest 
in use today.^ That this should be so can be attributed to the fact that 
technical achievement in British designs has far exceeded that of other 
countries and that on economic grounds the oil circuit-breaker more than 
holds its own with alternative devices. 

The technique of oil circuit-breaker design would be relatively simple 
if the device had nothing more onerous to do than to make and break the 
normal power current in an electrical circuit. In other chapters, however, 
we have seen that when a short-circuit occurs on a system, the fault current 
can reach very high values and the circuit-breaker has the more difficult 
task of interrupting this current under very different conditions of severity 
In other circumstances it may need to be closed on to an existing fault, a 
task often more onerous than that of breaking fault current. In addition, 
the breaker may be called upon to carry a through fault i.e. to carry the 
fault current without opening for a period of time while the short-circuit 
is being cleared elsewhere. 

Before considering in detail the established features which go to make 
up the modern oil circuit-breaker, it is interesting to compare a typical 
example in the voltage range up to 1 1 kV, with a design in the same range 
used about 30 or 40 years ago. A breaker of such early type is shown in 
Fig. 6-1, the design being of the simplest form, comprising sets of moving 
contacts of a particularly flimsy nature which make contact with fixed 
buttons at the lower end of the porcelain insulators. The latter, as can be 
seen, had corrugated surfaces on the outer ends, the purpose of which was 
(mistakenly) to give increased electrical clearance to earth. The oil tank is 
a simple structure of thin sheet metal and is fixed to the top plate by means 
of four hinged studs with wing-nuts. 

Compare this with the breaker shown in Fig. 6-2. Here the moving 
contact system comprises three robust solid round copper rods which make 
and break contact with suitable fixed finger contacts on the through insulators, 
the operation of making and breaking taking place within an arc control 
device. The corrugations have disappeared from the insulators, and the oil 
tank is constructed of heavy boiler plate, suitably reinforced, and held to the 
top plate by high tensile steel studs of relatively large diameter. Note, too, 
the change in top plate construction. In Fig. 6-1 the plate (probably of 
cast-iron) is flat and the contact lifting rod projects through it to atmosphere 
and is coupled to the operating handle by means of a single lever. In Fig. 6-2 
the top plate is a box structure of heavy boiler plate, the whole of the 
operating mechanism being contained within the box. Another point of 
difference between the two designs is that no particular provision was made 
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to relieve the internal pressures set up due to fault clearance in the design 
shown in Fig. 6-i, but in the design illustrated in Fig. 6-2, adequate venting 
is provided which, while giving relief to internal pressure, minimises the 
loss of oil through the vent. 



Fig, 6-1.— A early type of circuit -breaker. 


The design of most early oil circuit-breakers was based largely on certain 
empirical formulae, operating experience and a number of basic factors 
regarded as being of importance and on a comparison of which competitive 
offers were judged by the user. These factors included: — 

Volume of oil 

Speed of break 

Length of break 

Head of oil above contact break 

Volume of air cushion above oil 

Electrical clearances 
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Fig 6-2 — A modern oil circuit breaker with aic-control devicei^ 
(Johnson & Phillips Ltd ) 
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With the coming of high-power short-circuit test plants came the 
realisation that not one of these factors alone or in combination was 
necessarily decisive and certainly mere magnitude was not proof of inter- 
rupting ability. 

It has been shown, for example, that circuit-breakers having an exceed- 
ingly small oil volume can match the interrupting ability of those containing 
much greater quantity. Similarly, while it is obviously desirable that the 
moving contacts, opening to clear a fault, should reach the point at which 
the arc is interrupted as quickly as possible, it is known that high speed 
operation can result in long arcs because of the greater distance the moving 
contacts travel between current zeros and at which interruption occurs 
On the other hand, if the speed of break is too low at contact separation, 
there is the possibility that welding of the fixed and moving contacts may 
occur, a disastrous consequence on short-circuit clearance. 

This problem of speed of break is one which is affected by a number 
of factors, some concerned with the design (e.g. double or single-break and, 
if the latter, whether the break is horizontal or vertical) and others inherent 
in a.c. systems as for example contact ‘'grip'' and the electromagnetic 
forces set up in the loop formed by the terminal stems and the moving 
contact bar. In addition, where the ‘‘break" is vertical, gravity assists in 
opening the breaker once the contacts have parted. 

The energy for initiating the opening movement once the latching-in 
mechanism has been upset is derived from accelerating springs which have 


CURRENT 

\ 



Fig. 6-3 . — Contact "grip". 
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been compressed by the closing of the circuit-breaker. These springs are 
opposed in the first movement not only by the frictional resistance of the 
engaging contacts but by contact ‘‘grip'*. This is shown typically in Fig. 6-3 
noting that when current flows from the fixed contacts to the moving contact, 
electromagnetic fields are set up which tend to force the fixed contacts on 
to the moving contact as shown by the arrows. These forces can be quite 
considerable when the current reaches short-circuit magnitude. 

On the other hand, the accelerating springs get some help in their task 
in double-break designs by loop forces which are shown in Fig. 6-4, and 
thus offset the opposition due to “grip** 



Fig. 6-4 — Schematic diagram to illustrate oil circuit-breaker and 
electro-magnetic loop forces in direction of arrows F 


Another factor in speed of break is that there must be some resistance 
from the oil to the moving contact system, and this becomes particularly 
important where the circuit-breaker may be used in cold climates resulting 
in the oil becoming very viscous. 

High speed of break can lead to other problems, not least among them 
being that of arresting the motion at the end of the stroke. Many designs 
accomplish this by a dashpot which is filled with oil from the breaker tank, 
and by this means bouncing at the end of the stroke is prevented. 
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This form of buffering has the disadvantage that when the breaker is 
taken out of the tank for maintenance, the dashpot may be empty and the 
breaker may be opened on check operations without means of arresting 
the moving parts. In very small circuit-breakers, the desired result can be 
achieved by simple springs. 

Having fitted powerful accelerating springs to get the moving contacts 
away it now has to be remembered that the circuit- breaker has to be closed 
against them. The possibility of having to close on to a short-circuit cannot 
be ignored and here the electromagnetic forces set up at contact touch 
(or just before) are tending to oppose the closure just at the time when the 
accelerating springs are reaching the point of maximum compression, so 
that the closing mechanism has to be powerful and, for the high values of 
fault current, the operation must be taken out of the hands of the operator 
e.g. by solenoid or spring- closing mechanisms. 

The speed of opening can also be seriously retarded by the pressure set 
up inside the oil tank, this pressure acting on the moving crossbar carrying 
the contacts. Cases are on record where reclosure has occurred owing to 
the difference of pressure between the inside and outside of the tank, this 
being most likely to occur in designs (if they still exist) where the contact 
lift rod passes through the top plate to atmosphere (as shown in Fig. 6-1) 
The majority of modern oil circuit-breakers, however, have the whole of 
the operating mechanism, except the final link to the handle gear, within the 
breaker dome or top plate, thus equalising the pressure on all moving parts 

The distance between the co-operating contacts in the fully open position 
is known as the length of break and is a function of voltage; it must therefore 
be of such dimension as lo have an adequate margin over the length of arc 
which may be drawn. A short length of break in which the arc might be 
maintained across fully opened contacts may result in destruction of the 
circuit-breaker. 

The head of oil above the contacts affects gas bubble formation and must 
be sufficient to ensure ample pressure at the arc and to prevent the occurrence 
of a chimney of gas from the arc to the oil surface. A small volume of 
air above oil level means a higher pressure for a given volume of gas, a 
condition, however, which results in a desirable reduction of arcing time 
The correct values are determined by test and it is important in service that 
the manufacturers’ indicated oil level and, in consequence, the air cushion, 
is maintained. It is interesting to note that in certain proving tests, circuit- 
breaker performance has been improved by the apparently simple expedient 
of increasing the head of oil by a fraction of an inch and thereby reducing 
the air cushion by a similar amount. 

Both tank and top plate must be capable of withstanding the internal gas 
pressures generated. The general tendency is for the oil above the contacts 
to be thrown, en masse, upwards into the air space, violently striking the top 
plate and tending to cause the breaker to jump. In so doing, there is a danger 
that the top plate may be distorted or that an opening between this and the 
oil tank may be caused through which oil can be forced. This, if nothing 
worse ensues, may reduce the oil content to a dangerous level. It is a 
requirement of design that, after fault clearance, there shall be no permanent 
distortion of the tank or top plate and this is the subject of check during 
short-circuit proving tests. As the pressures transmitted to the structure 
are impulsive, a certain flexibility in the structure is not a disadvantage. 
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provided permanent distortion is not caused. For this reason, cast-iron or 
similar material is rarely used in modern breaker' construction. 

Both rectangular and circular tank constructions are used with equal 
success. Some designers favour the circular construction because of its 
greater strength for a given weight of material and the need for a single 
welded seam only, whilst others favour a rectangular tank which can be 
made equally strong, but requires more material. Those who favour this 
construction point to a greater volume of oil at or near the two outer phase 
arcing areas in plain-break circuit-breakers. In the light of present-day 
testing, either form can be accepted with confidence. 

Steps must be taken in circuit- breaker design to prevent a build-up of 
pressure within the enclosure by operations in close succession. A vent is 
therefore located in the expansion chamber above oil level and is so designed 
that it restricts the emission of oil and yet allows free passage for gas. This 
is usually accomplished by an arrangement of baffle plates, clay pebbles 
or steel marbles. 

The vent should, in general, be connected to a vent pipe which discharges 
clear of live parts, preferably right outside the switch cubicle or housing 
at a point away from an operator who may be in close proximity at the 
moment of discharge. In medium sized switch houses (say up to 250 MVA) 
it is usual practice to allow venting into the switch room. For higher 
powers, the vent pipes may be taken out through the walls of the room, 
either separately or via a common header pipe, and exhausted to atmosphere. 
In the latter case, a non-return valve must be fitted at each junction of vent 
pipe and header to prevent the discharge from one breaker passing into 
another. 

There are several constructional features in the design of tank and top 
plate structures which are important. Among these are tank linings and 
phase barriers, avoidance of obstructions within the top plate, magnetic 
break-up of top plates for the heavier currents, tank-to-top plate joint, and 
the provision of adequate bolting between tank and top plate. 

In a three phase tank, phase harriers are always provided. In some 
designs, these barriers are continuous while, in others, they are in two parts 
with a central slot. In the former, the contact lifting crossbar is at the upper 
end of the moving system, while in the latter, the crossbar is placed at the 
lower end. It is common practice to line the inside of the tank and the phase 
barriers with an insulating material such as “Elephantide". 

The design of the top plate in most modern circuit- breakers is in the 
form of a box or dome, rectangular or circular to suit the tank design and 
of welded steel construction. This formation provides the expansion 
chamber above oil level and houses the operating link mechanism for con- 
nection to the external operating gear. As far as it is possible, the top plate 
should have a uniform section, avoiding the introduction of pockets or 
projections which may set up unequal distribution of oil flow and tending 
to restrict the mass return of the oil after its first movement. For current 
ratings of 800 amperes and above it is necessary to break up the magnetic 
circuits to prevent local heating. In many cases it is usual to weld non- 
magnetic inserts in between the poles for the sake of economy, but this 
demands careful workmanship in order not to introduce weak points in the 
top plate. In other designs the box type top plate has been cast in aluminium 
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alloy, while in one for heavy current at medium voltage, the top plate has 
been formed out of a block of densified wood (see Figs. 6-5 and 6-6). 

The greatest importance must be attached to the tank-to-top plate joint, 
and to the number and size of the bolts securing the joint. Two forms of 
joint are evident, (a) in which there are two machined surfaces butting or 
(b) in which there is a gasket or packed joint. But whatever the form, it 
must be capable of preventing the emission of flame, oil or gas. The number 
and size of the fixing bolts (usually high tensile steel) must be related to the 
stresses set up during fault clearance when there is a tendency for the tank 
and top plate to part company and for the bolts to become elongated, 
rendering the joint useless. As this elongation may be so slight as to be 
undetected by ordinary observation it is important that attention is given 
to this aspect of the design. 

To this stage no mention has been made of contact design, except to 
note the problem of contact '*grip'* as in Fig. 6-3. It is convenient to 
segregate discussion on contacts into two groups, i.e. those used in what are 
known as “plain-break’' oil circuit-breakers and those which are associated 
with arc-controlled breakers. The first of these is a type which, very largely, 
is used only in the voltage range 400-600 volts and although designs do 
exist for voltages up to ii kV, most oil circuit-bieakers for voltages 3*3 kV 
and upwards now employ some means of arc control. Here it will be 



Fig. 6-5. — Low-voltage oil circuit-breaker with wedge and finger type contacts. 
(Johnson & Phillips Ltd.). 
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assumed that the division is on this basis and each type will be considered 
in turn. 

The plain-break oil circuit-breaker is one in which the process of 
interrupting the current is achieved simply by separating pairs of contacts 
under oil without any special attempt to control the arc other than by 
increasing its length until it is extinguished. In principle this type is that 
already shown in Fig. 6-4 and test evidence shows that the gap between the 
fixed and moving contacts at which arc extinction occurs depends on the 
arc current and recovery voltage. Thus the performance can be described 
as variable and in general, very many more short-circuit tests, at the design 
stage, are necessary than in types where greater control of the arc is attempted. 

Fig 6-5 shows, in cross-section, a typical low- voltage plain-break oil 
circuit-breaker employing contacts of the wedge and finger type, which are 



Fig. 6-6. — Close-up view of wedge and finger type contacts. 
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Fig. 6-7. - Wedge and finger type contacts on single-break circuit-breaker 
(Johnson & Phillips Ltd.) 




Fig. 6-'8. — Butt type finger contacts (Johnson & Phillips Ltd.). 
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perhaps the most popular form. This type of contact assembly is shown in 
Fig. 6-6 in more detail and from this it is seen that the moving contact 
comprises a wedge-shaped crossbar with extended wedge-shaped renewable 
arcing contacts at its extremities. These wedge contacts engage in the 
closed position with a series of self-aligning fingers under spring pressure, 
the number of fingers being related to the normal current rating of the 
breaker. 

This form of contact has several advantages. It is easy to assemble, is 
of unit construction, lends itself to self-alignment, and the contact pressure 
of the fingers is relatively constant over a range of wedge positions. Contact 
pressure is further assisted by mutual attraction of the fingers under electro- 
magnetic influence, i.e. contact “grip"'. Increased life may be obtained for 
certain types of breaker — such as those used with electric furnaces where 
repeated switching is the rule — by the use of arcing contacts faced with one 
of the tungsten metals. 

In early designs of the wedge and finger type contact, both the wedge 
and the fingers had plain flat surfaces because it was assumed that the normal 
current to be carried would be more easily achieved by having the components 
in contact over the face area. It is now known, however, that unless excep- 
tional care is taken in the preparation of flat surfaces, contact will not be 
made over the whole area but, more likely, only at a number of high spots, 
thus leading to contact chatter and overheating. 

The practice was adopted, therefore, of making one or both of the 
contacting surfaces slightly curved to provide a “line pressure" contact 
and under proper conditions of pressure, this enables more than loo amperes 
to be carried per half- inch of line contact. 

In passing it may be noted that Fig. 6-5 shows an example of a circuit- 
breaker where the supporting plate for the fixed contacts comprises a block 
of densified wood, a design feature introduced to break up the magnetic 
circuit in heavy normal current designs. Note too that instead of the more 
normal through insulators with copper stems in solid rod, the through 
conductors here comprise copper strips taken straight through the top plate. 

The wedge and finger type contacts can also be adapted for use in single - 
break circuit- breakers (as opposed to the double-break design in Fig. 6-5) 
and one example of this is seen in Fig. 6-7. In this form of single-break 
design, current has to be carried at the hinged point and great care has to 
be taken in the development of current-carrying elements at this point to 
ensure adequate area and pressure at all times. In other designs of single- 
break circuit-breakers, the hinged point is eliminated by moving a sliding 
contact, as will be noted later. 

A form of contact in which the troublesome problem of "grip" is 
eliminated is the rolling butt type, one example of which is shown in Fig. 6-8. 

This type of contact has another advantage in that spring loading of the 
fixed contacts gives valuable assistance at contact separation, but it must 
be remembered that the closing mechanism has to overcome this pressure 
when closing the breaker. There is some limitation to the normal current 
ratings which can be contemplated with butt contacts but in the design in 
Fig- 6-8, with a multiplicity of fixed contacts, each individually spring-loaded 
and making line contact with a moving contact in the form of a solid block, 
ratings up to 1200 amperes have been achieved. 
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An interesting example of the use of rolling butt type contacts is that 
shown in Fig. 6-9 which is a system used in a single-break industrial oil 
circuit- breaker up to 150 amperes up to 660 volts. 

Of limited breaking capacity (5*2 MVA at 415 volts) this circuit-breaker 
can be used on systems of higher fault value by using h.r.c. back-up fuses 
which form an integral part of a plug-in isolator as shown in Fig. 6-10. 

For heavier currents, say 2 000/3 000 amperes, it is possible to use an 
entirely different design such as that in which the main current carrying 
contacts are of a laminated brush type, as shown in Fig. 6-1 1. Here the 
brushes form the fixed contacts while the moving contact is a solid copper 
plate carried on a copper channel base. Both the brush contacts and the 
plate contact are silver plated. Separate arcing contacts are provided, these 
comprising a solid copper block (carried on the channel crossbar) mating 
with a spring-loaded brass plunger to give butt contact. A view of a complete 
breaker employing contacts of this type is shown in Fig. 6-12 and it is of 
interest to note that here again the terminal stems comprise laminations of 
copper bar. 

Whatever form of contact is used, it is important to see that low contact 
resistance is obtained and maintained, bearing in mind that resistance 
varies inversely as the pressure. Further, it is equally important to remember 
that copper oxidises when working at reasonably high temperatures and 
that copper oxide has a very high resistance. Once this oxidisation has 
started a vicious circle ensues; the increase in contact resistance causes 
further heating which, in turn, causes further oxidisation, leading to more 
heat, and so on. These effects are particularly important in heavy current 
circuit-breakers which usually operate for long periods in a closed state at 


Fig. 6-1 1 . — Laminated brush type main contacts with butt type arcing 
contacts (Johnson & Phillips Ltd.). 
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temperatures somewhere near the design limit. It emphasises the importance 
of maintaining contacts in a clean condition, a condition which can be 
helped by the simple expedient of opening and closing a circuit-breaker 
a few times at regular intervals. This process is further assisted where line 
contacts are used as these are self-cleaning to a high degree 


TANK 

LOWERING 

DEVICE 


BUTT TYPE 
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Fig. 6-12. — 3 000 ampere Lv. circuit-breaker with brush type main contacts 
(Johnson & Phillips Ltd ) 

In order to lessen contact resistance, silver plating or facing may be 
" resorted to. This is generally done for the heavier currents ( 1 200 amps and 
above) but only on the main contacts because any silver applied to arcing 
contacts would soon be destroyed under arcing conditions. Silver so applied 
not only reduces initial resistance but also does not appreciably increase. 

As indicated earlier, plain- break circuit-breakers can be used for voltages 
3 *3 kV and above (up to 1 1 kV they would be similar to the l.v. design in 
Fig. 6-5 but with porcelain or paper bushings for the through terminals and 
improved clearances) but as the voltage increases, so does the necessary 
contact gap for circuit interruption increase and plain-break designs tend 
to become very large. Instead therefore the oil circuit-breaker in which the 
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Fig. 6-13. — Typical early explosion pot, 

arc is controlled is preferred, providing for arc extinction with a relatively 
short contact gap at all currents and being consistent in operation. 

Perhaps the earliest form of arc control device was the so-called ‘‘explosion 
pot*', a typical example of which is shown in Fig. 6-13. Here, a strong shell 
of insulating material is arranged to enclose the fixed and moving contacts^ 
the latter comprising a stud moving vertically into and out of a circular 
cluster of fixed finger contacts and through a relatively close fitting throat 
at the lower end of the pot. When the contacts part, the gas generated 
by the arc produces a very high pressure in the space enclosed by the pot. 
The effect of this pressure combined with effects produced by the streams 
of vapour flowing turbulently into the arc tends to cause arc extinction, 
but if this is not achieved while the moving contact is still within the pot, 
it occurs immediately after the stud leaves the pot due to the axial high 
velocity blast which is released through the orifice as the stud leaves. Tms 
blast completely envelopes the arc and the effect of the release of pressure 
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was such as to cause the designers to give the name '‘explosion pot’* to 
this device. 

This early device functioned with reasonable satisfaction for certain 
values of current, although the arc energy was high. It has its drawbacks, 
however, when used for very small or very large currents. With the former, 
long arcing times were experienced, while with the latter the pressure set 
up within the pot limited its practical use. These limitations led to the 
development of more effective means of control and to the many forms of 
present-day device in which venting is provided for pressure control and 
relief. This may take the form of either side or top venting, but the former 
is more commonly used. 

The introduction of the side- vented arc -control device was due to the 
work of the E.R.A. in its researches into circuit-interruption and an original 
patent No. 366998 granted to the E.R.A. has formed a basis for most of 
the devices in use today. This basic design is shown typically in Fig. 6-14 
and comprises a chamber to completely enclose the contacts (except for the 
side vents or ports) and automatically filled with oil from the breaker tank. 



t 


Fig. 6-14. -Basic side-vented arc-control device. 

The arc, as indicated in Chapter II breaks down the oil to form a gas and 
the pressure set up within the chamber forces the gas and arc products 
out through the uncovered vents, displacing and lengthening the arc as 
shown. At each current zero, the arc is extinguished and fresh oil enters 
the chamber and at some point in this process, the insulation value between 
the fixed and moving contacts will be sufficiently high as to prevent a 
restrike. 

At the “contact -closed'" position, the vents are covered by the moving 
contact but as soon as this has moved to a point just beyond contact separation 
the first vent is uncovered and if the vent area is such as to ensure sufficient 
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Fig. 6-15. — Contact system and arc-control devices (one removed) in 11 kV 
350 MVA oil circuit-breaker (Johnson & Phillips Ltd,). 


pressure rise, the arc may be extinguished at this point. If not, further 
movement will uncover the next vent to assist in arc extinction. Any further 
vents provided are usually regarded as a safety precaution to prevent 
dangerous pressures rises should for any reason a particularly long arc be 
drawn but tests prove that in most devices, extinction occurs at all values 
of current before the tip of the moving contact leaves the arcing chamber. 
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As will be seen in a number of devices to be illustrated, only one vent has 
been provided and this has been proved satisfactory. 

Arc control devices are applied with equal success to both double and 
single-break circuit- breakers and an example of the former has been noted 
in Fig. 6-2 while a close-up view of the contact system and arc-control 
devices is given in Fig. 6-15. For the purpose of this illustration one arc- 
control device has been removed to show the circular configuration of fixed 
contacts, each contact backed by a helical spring. This type of contact, like 
the wedge and finger type described earlier, is subject to contact *‘g^ip*^ 
Unlike the butt type however, the arc at contact separation is generally 
maintained between the tip of the fingers and the tip of the moving contact. 
Burning at these points therefore leaves the main contact surface clean for 
good contact in the fully closed position. In butt types, the opposite is 
often the case, i.e. the points at which burning occurs are also the main 
points of contact in the fully closed position. 

Fig. 6-15 shows an interesting development in that a fibreglass port or 
vent shield is fitted to each arc-control device (one is shown in position on 
the right hand pole in the illustration). The purpose of this shield is to 
permit the use of porcelain bushings on breakers up to 800 amperes for 
350 MVA II kV duty instead of bakelised paper Normally the latter are 
used to obtain the greater mechanical strength necessary to withstand the 
'‘loop** forces (see Fig. 6-4) although electrically porcelain is much 
preferred. By fitting these port shields to take the thrust of the arc products 
emerging from the ports, it has been found possible to relieve the stresses 
on the bushings and thereby employ porcelain instead of paper. 

Typical short-circuit test results relating to this design have been given 
in Chapter V covering values from 2I to 100 per cent of rating, coupled 
with single phase tests to check on the effect of unbalanced forces within 
the breaker. 

It will be noted that in this breaker, which is typical of many in its range, 
the moving contact is of solid round copper rod, the diameter being varied 
to suit the normal current rating, coupled with silver plating in some 
instances. For the higher MVA values, i.e. 150 MVA at 3-3 kV, 250 MVA 
at 6*6 and ii kV and 350 MVA at ii kV, the contacts are tipped with 
copper/tungsten alloy to reduce the amount of burning on “breaking” and 
eliminate any tendency to weld on “making**. 

In designs of this type, features of the tank, top plate, accelerating 
springs, buffering, etc. do not differ radically from those already described. 

The single-break oil circuit-breaker has, in recent years, become a close 
competitor with the double-break type and there are many examples in 
successful operation. Early research into the problem of circuit-breaking 
revealed that in some circumstances (as for example when interrupting an 
earth fault) the recovery voltage at current zero in a double-break design 
was divided as to 85 per cent on one break and only 15 per cent on the other. 
It was argued therefore that as the greater part of the interrupting duty fell 
on one break, why not dispense with the other and let a single-break 
perform 100 per cent? It has been claimed that the second break is in fact 
something of a handicap in that it draws an arc equal in length to that of 
the more effective break thereby generating an unnecessary volume of gas. 
This investigation was studied by Davis and Flurscheim in 1926 and in a 
more recent article related to arc control devices by McNeill and Crane 
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Fig. 6- 1 6 . — Single-break oil circuit-breaker (outdoor pole mounting) with side 
vent arc-control device (Johnson & Phillips Ltd.). 
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in 1954, while Cran:^ has also considered the relative merits of double and 
single breaks in his book ‘'Switchgear Principles'' For our purpose here, it 
will suffice to be reminded that in a single-break design, the moving 
component is not completely isolated after opening as in the double-break 
and that the hinge (if used) demands very careful design to ensure good 
current carrying ability at this point 

As a first example of a single-break design, we may consider Fig 6-16 
which shows an outdoor pole-mounting circuit-breaker rated 75 MVA 
at 6*6 and 11*9 kV 

Note how, by arranging the contact system at an angle, the depth of the 
tank is kept to a minimum thus reducing the volume of oil and the total 
weight The contact system and arc- control device are shown in more detail 
in Figs. 6-17 and 6-18 



Fig 6-17 Single-break contact system as used in Fig 6-16 
(Johnson & Phillips Ltd ) 


The problem of carrying current at the hinged contact is avoided in this 
design by adopting a system of fixed non current- breaking contacts in which 
the moving contact rod slides but never leaves. 

An example of a single-break oil circuit-breaker in which the moving 
contact is carried on a hinged arm is shown in cross-section in Fig. 6-19 
and in detail in Fig. 6-20 
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Fig. 6- iS.—- Cross-section of side-vent arc-control device on single break oil 
circuit-breaker {Johnson & Phillips Ltd,), 
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Fig 6-19 Ctoss- section oj c 1 200 ampere single-break oil circuit-breaker 

250 MVA up to II kV (A Reyrolle & Co Ltd ) 


It IS of interest to note that for a 1 200 ampere rating, additional load- 
bearing contacts of the butt type are incorporated. These contacts, marked 
K and O in Fig. 6-19, are placed outside the arc-control device and taWg 
no part in the interrupting duty. For lower normal currents, such additional 
cOTitacte are not necessary. Current transfer to the fixed hinge-blocks is 
eiiected in this design by means of spring-loaded hinge-contacts. 
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Fig 6-20 — Single-break 1 200 ampere contact system and arc-control devices 
Note the load-bearing butt contacts external to the arc-control device 
(A Reyrolle & Co Ltd ) 


The arc-control device in this circuit- breaker (as in others b> the same 
manufacturer) is designated ‘Turbulator’* and is of the side-vented type 
operating generally on the principle previously described In this breaker, 
the body of the arcing chamber, shaped to suit the movement of the curved 
moving contact, is made in moulded nylon with fibre inserts to form the 
vents This principle is noted again in Fig 6-21 which shows one of six 
turbulators as fitted to a double-break oil circuit -breaker for 1 1 kV service, 
the insert having been removed from the arcing chamber In this design, 
the moulding material is a high-tensile strength phenol-formaldehyde 
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Fig 6 21 —Moulded nylon body and fibre vent inserts for *‘Turbulator 
arc-control device (A Reyrolle & Co Ltd ) 


For easy and rapid removal, the “Turbulator” arc-control device has a 
breech-block fitting We shall note another example of this form of arc- 
control device later in this chapter and in Chapter VII 

In another design, shown in Fig 6-22, pressure adjustment is provided 
at the hinged type fixed contact This breaker and others by the same 
manufacturer, employs arc- control devices of a type described as 
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Fig 6-22 Single-break contact system and an -control deinces 
{Switchgear and Cowans Ltd ) 


“compensated-pressure flow” in which the vent orifices are automatically 
adjusted (in area) depending on the magnitude of the fault current. Fig. 6-23 
shows in more detail how this is achieved, noting that for low values of 
current, the vents are almost closed as at (a), due to the spring loading 
being greater than the generated pressure within the device. Here the arc 
follows a sinuous path due to the oil vapour pressure and flow At higher 
currents, the pressure generated within the device will be sufficient to 
overcome the compression spring and the stack plates will open to increase 
the venting areas as shown at (b). The arc will now be nominally straight 
with distortion into the stack plates as the pressure is vented from the 
chamber. In the design illustrated spring-loaded butt type contacts are 
employed but for heavy current applications, a cluster assembly of fixed 
contacts together with external reinforcing contacts, is used. 

In the designs so far noted, and others which we shall note later for 
higher voltages, the arc-control devices are fixed to the circuit-breaker 
bushings and the moving contact is withdrawn on opening. There is, 
however, a design in which the arc-control devices form part of the moving 
contact system, as shown in Fig. 6-24, and with the breaker in the open 
position, the devices are isolated from the system 



Fig. 6 - 24 . — Contact system using **Caton Arc-Trap*’ on moving contact of 
circuit-breaker (Yorkshire Switchgear and Engineering Co, Ltd,). 
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Fig 6-26 - -Broken sectional view oj Natural Flow'' arc-control device 
contact system (The English Electric Co Ltd ) 
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This illustration shows that only the arcing contacts are operating within 
the arc-control device (designated “Caton Arc-Trj^p'*) and that the maii| 
current-carrying contacts are placed outside so that burning on the arcing 
contact surfaces has no effect on the main contacts. 

The principle on which this arrangement functions is demonstrated in 
Fig. 6-25, it being noted that there are two sets of interconnected arcing 
contacts within the oil reservoir formed by the device and these co-operate 
with electrodes on the fixed contact system. Electrode i is foreshortened 
so that the initial arc is drawn here in advance of that at electrode 2. These 
electrodes operate through very limited apertures which develop and control 
the point where a concentration of high-pressure oil is allowed to constrict 
the arc at 2. At a natural current zero, the oil is forced at high velocity into 
the arc path and in sweeping away the conducting vapour, interposes a 
barrier of high dielectric strength. The ideal condition for interruption 
in this device is that the arc at electrode i should commence immediately 
following a current zero, in which case extinction usually occurs at the 
next zero. If arcing commences at or about current maximum, another 
loop might be necessary to develop the necessary pressure for extinction. 

In a range of arc-control devices employed in the English Electric designs 
of oil circuit-breaker, a series of labyrinths are shaped to form * 'passages" 
and “blind alleys", the former to control the flow of oil and gas created by 
the pressure of an arc, the latter to cause high pressure pockets to be set up 
during the arcing period. This design is shown typically in Fig. 6-26 and, 
because of the foregoing, it is given the name “Natural Flow". 

The fixed contact assembly comprises both main and arcing fingers, 
the latter tipped with special arc resisting metal. Because the arc is generally 
drawn between the moving contact and those finger contacts that are situated 
on the outboard side of the electro -magnetic loop, uneven burning of the 
arcing finger contacts occurs. Provision is therefore made whereby the 
complete contact cluster can be rotated to bring the least affected contacts 
into the arcing plane and thereby even out the burning. The number of 
vents varies from one to three depending on the duty and voltage. Fig. 6-27 
shows this type of arc-control device as fitted in a 33 kV outdoor circuit- 
breaker with all phases in one tank. One device has been sectioned and the 
circuit-breaker has opened to the position when the first arc vent has been 
uncovered. 

In its basic principle as an interrupting device, the outdoor oil circuit- 
breaker differs little from its indoor counterpart, the major difference arising 
out of the need to make the unit completely weatherproof and to ensure that 
moving linkages associated with the closing mechanism are adequately 
protected so that any tendency to stick due to weathering is eliminated. 
The exposed end of the circuit-breaker bushing will have a porcelain 
weather shield with rain sheds which also give an extended creepage path 
from the live terminal at the upper end to the earthed flange at the circuit- 
breaker top plate. The shape of these sheds may vary depending on the 
atmospheric conditions anticipated, a popular form being that known as 
“anti-fog". The bushings themselves are generally of the bakelised paper 
condenser type and are often oil-filled. The design is of a specialist nature 
often outside the scope of the switchgear engineer or user for whom this 
book is intended but typical examples will be seen in some later cross- 
sectional illustrations, e.g. Figs. 6-32 and 6-44, 




Fig 6-27 — Contact system of 33 kV outdoor circmt-breaker showing arc 
control devices (one in section), with contacts opening 
(The English Electric Co Ltd ) 


Outdoor breakers are available for most voltages in the range 6*6 to 
380 kV and, up to about 88 kV, they are generally arranged as frame supported 
umts, the frame also carrying the operating mechanism At higher voltages, 
the breaker becomes too large for this form of mounting and it is necessary 
to stand the tank directly on the ground In the frame mounted arrangement, 
access to the contact system for inspection and maintenance is obtained by 
lowering the tank by means of a self-contained mechanism To gam access 
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Fig 6-28 — Pole-mounted outdoor oil circuit-breaker with auto-reclose 
mechanism {Johnson & Phillips Ltd ) 

to a floor-mounted breaker, a manhole or access port must be provided but 
before entry can be made, the oil must be drained off or pumped away 
Access by this means will be noted m a later illustration 

At voltages of 6*6 kV and ii kV, the oil tank is usually common to all 
three phases with suitable phase barriers built-in At 33 and 66 kV the 
design may have one common tank or a separate tank for each phase, while 
for higher voHages a separate tank for each phase is essential 





Fig 6-30 — 33 feV outdoor oil (ircuit-breaker of the single tank type and 
frame-mounted (Switchgear & Conans Ltd ) 
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Fig. 6>3I. — 33 kV outdoor oil circuit-breaker of the three tank type and 
frame-mounted. Installed in a switching station at the Owen Falls Power Station 
{The General Electric Co. Ltd.). 


An alternative form is a circuit-breaker designed for pole mounting and 
used for rural distribution at 6*6 or ii kV. Such a circuit-breaker has 
already been noted in Fig. 6-16 while in Fig. 6-28 this breaker is shown 
mounted as in service. 

This breaker is shown arranged for automatic reclosure by means of a 
spring-cushioned weight seen carried on an endless chain. The length of 
the chain determines the number of possible reclosures but normally these 
are limited to three. The time between tripping and reclosure may be varied 
between 10 and 50 seconds. When it is required to trip the circuit-breaker 
manually, this is achieved by pulling up the weight until a projection on the 
chain lifts a trip catch. Alternatively a simple hand-closing mechanism can 
be provided with a lever handle at suitable height above ground. 

Because of the much greater clearances required in air between live 
terminals than are necessary under oil, outdoor circuit-breaker bushings are 
^gled, thus reducing the tank size. This feature will be noted in later 
illustrations. 

From these illustrations it is interesting to note that where a common 
tank is employed for all three phases, one design (Fig. 6-29) employs a 
circular tank and the breaker is of the double-break design, while another 
(Fig. 6-30) has a rectangular tank and the breaker is of the single-break type. 
This latter design is shown in more detail in Fig. 6-32. 


OIL CIRCUIT-BREAKERS AND OIL SWITCHES 


I7S 



Fig. 6-32 — Cross-section through 33 feV single-break oil circuit-breaker as 
Fig 6-30 {Switchgear & Cowans Ltd,), 

In the design shown in Fig 6-3 1 where three separate tanks are employed, 
the tanks are again rectangular and the breaker is of the double-break t5^e 
as shown in Fig. 6-33. A reduction in the oil content is made by tapering 
the two short sides of the tank towards the bottom 
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Fig 6-33 — Contact system of one phase of the circuit-breaker shown in Fig 6-31 
(The General Electric Co Ltd ) 


In another example of 33 kV outdoor pedestal mounted circuit-breaker, 
all three phases are contained within a single circular tank as shown in 
Fig 6-34 An interesting feature of this design is that by the use of cast 



OIL CIRCUIT-BREAKERS AND OIL SWITCHES 


177 



GLAZED 

SHEDDED 

INSULATOR 

GAS VENT 

CIRCUIT- 

BREAKER 

TOP PLATE 

CURRENT 

TRANSFORMERS 

BENT THROUSR 

INSULATOR 

PLUNGER ROD 

OIL-LEVEL 

INDICATOR 

FIXED-CONTACT 

CLUSTER 

MOVING 

CONTACT 

TURBULATOR 

GLASS-FIBRE 

OPERATING 

SADDLE 

CAST- 

ALUMINIUM 

CARRIER 

PHASE- 

CARRIERS 

CONTROL 

CUBICLE 


Fig. 6-34. — Cross-section of 33 kV outdoor circuit-breaker for pedestal 
mounting {A. Reyrolle & Co, Ltd.), 


epoxy resin mounting flanges for the bushings, bent continuous 
conductor stems can be employed as Fig. 6-34 shows. This allows the 
circuit-breaker dimensions to be kept down to a minimum as that part of 
the conductor stem within the tank is vertical instead of being angled in 
line with the external bushing. The bend in the conductor stem enables any 
required pitch circle dimension of the terminal points in air to be obtained. 

Another interesting feature is that the ‘‘Turbulator'' arc-control devices 
are made of resin-bonded glass-fibre as noted in Fig. 6-34 and in more detail 
in Fig. 6-35. 
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Fig. 6-35. — Fixed and moving contact system and '*Turbulator* arc-control 
devices as in the circuit-breaker shown in Fig. 6-34 (A Reyrolle & Co. Ltd.). 


The use of resm-bonded glass-fibre for the outer casings of arc-control 
devices arises out of the need to employ a casing strong enough to withstand 
the high internal pressure set up within the device when interrupting high 
short-circuit values and yet employ a reasonably thin wall casing on account 
of space. 

Permali Ltd. have recently made available such glass-fibre products 
not only for arc-control devices but for blast tubes, cylinders and storage 
vessels in air-blast switchgear In a technique known as filament winding, 
glass rovings in parallel bands are wave wound on to a mandrel so as to 
produce a helical pattern in which the helix angle can be adjusted to suit 
a particular requirement Epoxide or polyester resins are normally employed 
to impregnate and bond the glass rovings, which are then heat cured. Some 
examples of arc-control device casings in resin-bonded glass-fibre are shown 
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Fig. 6-36. — Examples of helically wound glass-fibre arc-control device casings 
(Centre group) (Permali Ltd,) 


in Fig. 6-36 In this illustration, the two parallel diameter casings to the 
left and right of the group are, in fact, the tanks for continental type low 
oil content circuit-breakers and in these designs, the arc-control device 
is a separate sub-assembly housed within the tank. 

Reduction in the quantity of oil is made possible in a 66 kV outdoor oil 
circuit-breaker as shown in Fig, 6-37 by employing a single-break contact 
system where the moving contact moves horizontally, shown in detail in 
Fig. 6-38. 

This effectively reduces the depth of tank required. 

In another design the three separate tanks are oval shaped, again with 
the purpose of reducing the oil volume. This design is shown in Fig. 6-39, 
and the tank shape is clearly indicated by the configuration of the top plate 
seen in Fig 6-40 which shows additionally the moving contact system, 
arc-control devices, with resistor stacks mounted at sides, and ring type 
current transformers mounted around the bushings beneath the top plate. 

Typical of a 66 kV design employing a common tank for all three phases 
is that shown in Fig. 6-41. 
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Fig 6 37 


66 kV outdoor oil circuit breaker of the three tank type and 
frame mounted (Crompton Parkinson Ltd ) 




Fig 6-38 — Horizontal single-break contact system (one phase) of the breaker 
shown in Fig 6-37 (Crompton Parkinson Ltd ) 




Fig. 6 - 39 .-- 66/88 kV outdoor oil circuit-breaker of the three tank type and 
f^rame -mounted {The English Electric Co. Ltd.). 
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Fig. 6-41. — 66 kV oil circuit-breakers of the single tank type, frame-mounted 
and seen in a substation of the Kenya Power Company, East Africa 
(Associated Electrical Industries Ltd.). 


Examples of 132 kV circuit-breakers are shown in Figs 6-42 and 6-43 
and it will be seen that separate tanks are used for each phase and that 
they are floor mounted 

Dependent on the rating of the breaker shown typically in Fig. 6-42 
each phase may have either two or four breaks. In the four-break arrange- 
ment the effective opening speed is doubled leading to short arc- duration 
with relatively low mechanical speed of the moving contact system. A study 
of Fig. 6-44 shows that the moving cross-bar carries (at each pole) a moving 
contact rod and an insulated push rod. In closing, the crossbar travels a 
considerable distance in oil before the push-rod picks up a hinged contact 
assembly. The hinged contact is then carried upwards until simultaneous 
contact is made between the moving, hinged, and fixed contacts. Travel 
continues beyond this point until the fully closed position is reached. On 
opening, all four breaks per phase open simultaneously. Elsewhere, we have 
discussed the reason for resistance elements being connected in shunt across 
the contacts of an interrupting device and here, in Fig. 6-44, we note an 
application associated with an oil-circuit-breaker. This method of switching 
is applied only to certain ratings and for certain system applications. Note 
too, in Fig. 6-42, the access manholes or ports in the tank sides. 

For voltages from 220 kV up to 380 kV, the oil circuit-breaker takes on a 
different appearance as will be judged from Fig. 6-45. 




Fig. 6-42.— 132 kV outdoor oil circuit -breaker with compressed-air closing 
mechanism (Associated Electrical Industries Ltd.), 


This shows a typical installation of circuit- breakers known by the name 
“Shuntarc'’ (Associated Electrical Industries Ltd.) and employing tanks 
of lenticular shape, each tank, together with the operating mechanism 
housing, bushing seatings and support structure, being a one-piece steel 
fabrication. 

Dependent on the rating, four or six breaks are employed per pole, the 
breaks being divided between the two terminals. Fig. 6-46 shows one phase 
of a four-break breaker with a half-sectional view of the arc-control chambers 
and switching resistors fitted to one terminal. 

A study of the sectionalised view shows that one break in this design 
(the outer) is of the conventional pattern with the moving contact mounted 
directly on the crossbar. The other break incorporates a “trapped"' moving 
contact which is normally held in the open position by springs but which 
is pushed upwards to engage with its fixed contact by an inrulation striker 
rod carried on the crossbar, so that the two breaks which arc in series, are 
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Fig 6-43 — 132 kV outdoor oil circuit-breaker (General Electric Co Ltd ) 

operated simultaneously The process of current interruption in such an 
arrangement showing how the switching resistors are utilised and the 
resistor current is interrupted, is shown diagrammatically in Fig 6-48 
When SIX breaks per pole are employed, each terminal set of three breaks 
IS mounted across the side of the tank and an ingenious assembly of insulated 
and current carrying cross-arms is employed to provide a current path as 
shown in the schematic diagram Fig 6 47 

An oil circuit-breaker is defined in B S 116 and BS 936 as *‘a device 
capable of making and breaking a circuit in oil under normal conditions and 
under abnormal conditions such as those of short-circuit*' This definition 
imphes that automatic tripping will occur by reason of the operation of 
associated protective gear It implies, too, that a circuit-breaker must have 
the ability to interrupt fault currents of specified values applicable to the 
system and calculated as we have shown in Chapter III There are, however, 
numerous circumstances where an automatic trip feature is not essential 
so that the interruption of abnormal current does not arise and such a 
device then becomes an oil switch In suitable arcumstances the employment 
of an oil switch results in very considerable saving in capital expenditure 
and in particular it can profitably be employed for ring mam switching or 
as an on-load switching device on the incoming supply to a switchb^rd 
comprising a number of oil circuit-breaker umts controlling outgoing 
feeders 

N 
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Fig. 6-45. — 275 kV 7500 MV A '*Shuntarc* outdoor oil circuit -breakers 
installed at Castle Donmngton C.E.G B , East Midland Division 
{Associated Electrical Industries Ltd.). 


It will be clear that, although not called upon to break fault current, an 
oil switch may be used to break normal load current, that it may have to 
carry fault current until the latter is cleared elsewhere and finally, it may 
be called upon to close on to a fault. These then are the requirements 
demanded of an oil switch and are those included in B.S. 2631 covering 
such switches. 

This specification covers a range of voltages from 3*3 kV up to 33 kV 
and at each voltage an upper limit of making capacity of 33 400 amperes 
(peak) is envisaged and a 3 second short-time rating of 13 100 amperes r.m.s. 
The normal circuit rating is standardised at 400 amperes and this is the 
current which the oil switch must be capable of breaking. 

Facilities in oil switches designed to B.S. 2631 invariably include integral 
earthing facilities and means for carrying out tests on the cable connected 
to the switch. It is necessary that the earthing switch should have the same 
ability to make on to a fault as the main switch and so, in most designs, 
both switches are similar in nature, some employing two independent 
switches with separate but interlocked closing mechanisms and others 
employing a form of changeover switch with a common hinge point. 

The need to be able to close an oil switch on to a fault has resulted in 
nearly all such switches being fitted with spring-assisted manual closing 
mechanisms, some features of which we shall discuss in a later chapter. 
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Fig. 6-46.— Half-sectional view of arc-control chambers and resistor on one 
terminal of one phase of a four-break “Shuntarc” circuit-breaker 
(Associated Electrical Industries Ltd.). 
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Fig. 6-47 . — Schematic diagram of six-break “Shuntarc" circuit-breaker 
showing current path (Associated Electrical Industries Ltd.). 
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Fia. 6-49 . — Side mew of 11 kV oil switch unit with air-insulated busbars 

( Jnhn^nn & PhilUn^ 1 tii \ 




Fig. 6-si. — Interior view of switch chamber with covers and shutters removed 
to show cable test orifices (Johnson & Phillips Ltd ). 
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SIGNAL ARM CONTACTS 


Fig 6-50 —Showing separate switch blades for main* and '*earth switching 
Both switches shoun in the '*off** position (Johnson & Phillips Ltd ) 
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Fig. 6-52. — 33 kV oil switch unit (A. Reyrolle & Co. Ltd.). 


Fig. 6-49 shows (in side view) the appearance of a typical oil switch unit 
with air-insulated busbars suitable for lining up with oil circuit-breaker 
units as noted in Chapter X Fig. 10-50. In this design separate switch 
blades for ‘‘main'’ and “earth” are employed as shown in Fig. 6-50 and 
each is operated by inserting a lever into either the upper or lower operating 
spigots. In Fig. 6-51, which illustrates the interior of the switch chamber, 
can be seen the three test orifices into which cable test plugs may be inserted. 
Access to these orifices in service is through the top cover but it cannot be 
obtained until the main switch is off and the earth switch is closed. Having 
then inserted the test plugs and connected the test leads, the earth switch 
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may be opened just prior to applying the test voltage. The action of opening 
the earth switch automatically traps the test plugs until such time as the switch 
is reclosed. 

An oil switch in which the changeover principle is employed is noted 
later in Chapter XVIII (Outdoor Switchgear) Fig. 18-23 and here, although 
using only a single blade, operation from off-to-main or off-to-earth can 
only be made by inserting an operating lever in an appropriate slot in an 
escutcheon plate and suitable masking is provided so that only one slot is 
accessible for the lever at any one position. The unit shown in Fig. 18-23 
is effectively an outdoor switch but is available also as an indoor version for 
lining up with circuit-breakers or other units. 

For lining up with their range of vertical-isolation oil circuit-breaker 
units with compound filled busbars and for 33 kV service, A Reyrolle & Co. 
have developed an oil switch unit complying with the specification already 
noted, the unit being shown in Fig. 6-52. 

In this design the switching principle employed is different to that we 
have noted in 1 1 kV units in that a two-way selector switch is used to make 
a choice between '‘service" or "earth" conditions and then, having made 
this selection, the circuit is completed on a separate oil switch. These 
switches are noted in Fig. 6-53, at F and E respectively and the mechanisms 
for operating them are mechanically interlocked to prevent incorrect 
operation and to ensure that no part of the switching duty falls on the 
selector switch. 

As in designs for lower voltages, facilities for cable testing are provided 
and are indicated at C in Fig. 6-53. 
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CHAPTER VII 

SMALL-OIL-VOLUME CIRCUIT-BREAKERS 

In the preceding chapter we have noted the design and special features 
of what may be described as the bulk-oil type of circuit-breaker for voltages 
from the lowest up to 380 kV. In the chapter which succeeds this one, we 
shall note the details of circuit-breakers in which no oil at all is used, i.e. 
air-blast circuit-breakers, for the voltage range 3*3 kV to 400 kV. When 
oil is employed, the medium of arc extinction is self-contained, i.e. the oil 
itself, whereas when no oil is present, outside aid is necessary in the way of 
compressed air at relatively high pressure. 



Fig. 7-1. — Small-oil-volume circuit-breakers in outdoor switching stations 
(A. Reyrolle & Co, Ltd,), 


Over the years, the oil content in many of the so-called bulk type 
described in Chapter VI, has been progressively reduced, particularly at tJie 
lower end of the voltage range, such reductions arising out of developments 
in arc control, the use of the single-break design and, in some cases, shaping 
the tank to conform with the internal structure of the breaker. To this 
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extent, Chapter VI may be assumed to cover breakers of relatively small oil 
volume, but as the voltage increases and in spitfe of some of these same 
factors applying, the oil quantity remains high, running at the very highest 
voltages to some thousand or so gallons for a three phase unit. This is, 
perhaps, understandable when one remembers the large electrical clearances 
necessary at the higher voltages. 

These large quantities of oil are subject to the carbonisation, sludging, 
etc., which occurs due to arc interruption and other causes, reducing (in 
time) the insulating properties and requiring regular maintenance. We 
have noted also in Chapter VI that when a large circuit-breaker is floor 
mounted, access to the contact system is not easy and is obtained only 
through access ports in the tank side after the oil has been pumped away 
to storage. 

It is of interest, therefore, to note here a design which, while retaining 
oil as the extinguishing media, requires a very much reduced volume of oil 
and which segregates this oil into two chambers, one for arc interruption 
and one for insulation, so that the latter is never contaminated by the former. 
This design is shown in Fig. 7-1 and is available for a voltage range 33 to 
220 kV and breaking capacities i 500 to 7500 MVA. 

A cross-section of one phase of this circuit-breaker is shown in Fig. 7-2, 
and a study of this shows clearly the two compartments mentioned, the upper 
compartment being that in which the arcing process occurs and the lower 
compartment which supports the upper and provides the main insulation 
to earth. 

Communication between the oil in these two chambers is prevented at 
the junction of the chambers. 

The oil volume in the arcing chamber is, at all voltages, lower than that 
in the supporting and insulating chamber, so that it is only this smaller 
quantity which will require maintenance or changing from time to time. The 
larger volume of oil in the lower chamber, being uncontaminated, ensures a 
high degree of insulation security in the part of the circuit- breaker which is 
electrically stressed to earth, irrespective of the condition of the oil in the 
arcing chamber and whether the circuit-breaker is open or closed. This is 
demonstrated in Fig. 7-3 which shows a comparison between the stressed 
paths to earth in a small-oil-volume circuit- breaker and those in a bulk-oil 

Reverting to Fig. 7-2, it will be seen that the upper arcing chamber 
comprises a synthetic resin bonded paper cylindrical enclosure within a 
porcelain insulator. An annular space between these is filled with oil as an 
insulating medium but, again, this is physically separated from that in the 
arcing chamber and thus cannot be contaminated. 

The circuit-breaker is of the single-break type in which a moving 
contact tube moves in a vertical line to make or break contact at the upper 
fixed contacts mounted within the arc-control device. A lower ring of fixed 
contacts are in permanent contact with the moving arm to provide the other 
terminal of the phase unit. Within the moving contact tube is a fixed 
piston, which, as the tube moves downwards on opening, forces the column 
of oil inside the tube into the arc-control device. TWs has two effects, 
firstly, a partial pressure balance is ensured, so that the pressure generated 
inside the arc-control device has little effect on the acceleration of the 
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STRESSED PATH TO EARTH SHOWN AT Y (THROUGH CLEAN OIL) 

AND Yi (THROUGH CARBONISED OIL) 

Fig. 7-3, — Comparison of stressed paths to earth in (a) a small-oil-volume 
circuit-breaker and (b) a bulk oil circuit-breaker (A. Reyrolle & Co. Ltd.). 


moving contact and, secondly, the amount of cavitation caused by the 
removal of the moving contact is controlled and the efficiency of arc- 
extinction is increased. 

The "turbulator"' arc-control device is shown in section in Fig. 7-4, and 
is built up of oil-impregnated vulcanised fibre plates held under compression 
by tension members, the plates being arranged to form a series of vents on 
one side of the arc and a series of oil pockets on the other. The fixed arcing tip 
is so arranged that when the circuit-breaker opens, the arc is drawn in 
front of the vents where it can be most easily extinguished. To ensure 
that oil vaporised by the arc is replaced quickly when the arc is extinguished 
(this is particularly important for high speed auto- reclosing) a filling valve 
is fitted in the top casting of the arc-control device. 

This valve, lightly spring-loaded, closes when pressure is set up within 
the device, but as this pressure dies away when the arc is extinguished, 
the valve opens to allow an inrush of oil. 

When a circuit-breaker closes on to a fault there is always a danger that 
pre-arcing will occur as the moving contact approaches the fixed contacts. 
In this design this possibility is minimised by fitting inserts of anti-tracking 
material on the inside edges of the *'turbulator*' plates. 
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Fig. 7-4. — **Turbulator' arc-control device used in a small-oil-volume circuit- 
breaker (A. Reyrolle & Co. Ltd.). 

The upper (arcing) chamber contains a separator which eliminates, by 
centrifugal action, loss of oil when the breaker operates under fault conditions. 
It has a spring-loaded vent-valve, a breather to prevent moisture from 
entering the circuit-breaker, and a safety diaphragm, under the domed 
cover, designed to lift and protect the circuit-breaker from damage if 
excessive pressures should arise in the circuit-breaking compartment. 

Circuit-breakers of the type described can be used either out-of-doors 
or indoors, and be mounted either on pedestals or at ground level. At 
certain voltages and interrupting capacities, two breaks per phase are 
employed. 
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We have noted in Chapter VI how in many oil circuit-breaker designs, 
any necessary current transformers can be accommodated within the breaker, 
fitted on the bushing insulators. This is not possible in the small-oil-volume 
type and current transformers must, therefore, be separate units. 

These are usually of the post type with low oil-content, the transformer 
being housed within the porcelain housing and filled with oil under vacuum. 
Typical current transformers for various voltages are noted in Fig. 7-5. 



Fig. 7-5. — Post type current transformers for 220, 132 and 66 kV respectively 
{A. Reyrolle & Co, Ltd.). 
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CHAPTER VIII 

AIR-BLAST CIRCUIT-BREAKERS 

We have noted in Chapter VI the availability of oil circuit-breakers to 
meet every voltage requirement up to about 400 kV and of varying interrup- 
ting capacities up to 7 500 MVA. By continual development such circuit- 
breakers have met the requirements of many networks, but system 
voltages and fault levels continue to rise as the demand for electricity rises. 
For example, the new 400 kV grid system due to start operating in Great 
Britain in 1965 requires circuit-breakers suitable for a fault level of 35 000 
MVA. Future standard voltages will be of the order of 500 kV and 700 kV, 
noting here a network at 750 kV in the U.S.S.R. 

To contemplate the interruption of fault currents up to 50/60 kA at these 
high voltages in an oil circuit-breaker is probably not impossible, but it 
would no longer retain any of the simplicity associated with it nor would its 
performance in many respects match up to the needs of high-voltage 
networks. It is here that the air-blast circuit-breaker really comes into its 
own but, as we shall see later, its development has extended down to much 
lower values of voltage and breaking capacity. 

The desirable features to be found in the air-blast circuit-breaker are: — 

1. High-speed operation 

2. Short arcing times 

3. Ability to withstand frequent switching 

4. Facility of high-speed reclosure 

5. Negligible maintenance. 

High-speed operation is very necessary on large interconnected networks 
in order that system stability can be maintained and in the air-blast circuit- 
breaker this is achieved because the time interval between the receipt of a 
tripping impulse (derived from the protective gear applied) and contact 
separation is very short. Once the contacts part and an arc is drawn it 
should, ideally, be interrupted in the shortest possible time and this time 
should be reasonably consistent at all values of current which the circuit- 
breaker may be called upon to interrupt, i.e. from small line charging or 
transformer magnetising currents up to the highest value of fault current. 
This the air-blast circuit- breaker does and arc durations throughout the 
current range are of the order of one-half to one cycle. In the oil circuit- 
breaker this consistency rarely exists and because the deionisation processes 
are largely dependent on the current value, it is usual to find longer arcing 
times at low current values than at the higher values, and that the whole 
range of arcing times is higher than in the air-blast design. This aspect is 
illustrated in Fig. 8-1, noting that the curves shown have no numerical 
significance in relation to any specific breaker. 
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A- Arc-Controlled OH Breaker 
B -Air-Blast Breaker 

Fig, 8-1 . — Comparison of performance — arcing time (current 

Repeated switching by an air-blast circuit-breaker is possible simply 
because of the absence of oil, which rapidly carbonises with frequent 
operation, and because there is an insignificant amount of wear and tear at 
the current-carrying contact surfaces. At the lower voltages, e.g. 3*3 kV, 
air-blast circuit-breakers have been most successfully applied to furnace 
switching, whereas the oil breaker has failed to cope with the necessary 
switching operations. But it must be remembered that if frequent switching 
is anticipated, the maintenance of an adequate air supply is essential. 

High-speed reclosure by automatic means (single phase or three phase) 
is ^ advantage on high-voltage interconnected networks to assist and 
maintain system stability during the clearance of transient faults, a type of 
fault which is perhaps in the majority on overhead lines. Provided that 
the time interval between fault interruption and reclosure is chosen to 
permit insulation recovery, then a system can often be restored to normal by 
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breaker reclosure, the cause of the interruption (insulator or line fiashover) 
having disappeared. The low inertia of the moving contacts in air-blast 
circuit-breakers and the relative ease with which compressed-air mechanisms 
can be reversed, all help in very short restoration times being achieved. 

The ability of the air-blast breaker to cope with repeated switching also 
means that negligible maintenance is required. For example, the relatively 
large quantities of oil essential in the oil breaker require an installation of 
oil filtering plant and very regular treatment of the oil. No such need arises 
with an air-blast installation. 

Against this formidable array of advantages, however, it must be pointed 
out that compressed-air at the correct pressure, clean and dry, must be 
available at all times, involving in the largest installations a plant of no mean 
dimensions, with two or more compressors and an extensive air supply 
network in the form of a ring main or duplicate bus system. The main- 
tenance of this plant and the problem of air leakages at the pipe fittings are 
factors which operate against air-blast circuit-breakers in many (smaller) 
installations and it is a costly adjunct for lower voltage systems as compared 
with the use of oil or air-break circuit- breakers. 

Because the air-pressure is fixed, it is obvious that this will be available 
regardless of the magnitude of current the breaker is being called upon 
to interrupt. It must, naturally, be sufficient to deal with the highest vdue 
of current to be expected, but this means that it can be very drastic in its 
effect on small currents and the problem of current chopping arises 
leading to serious over-voltages, as we have noted in Chapter II. 

In that chapter also, note has been made of sensitivity of the air-blast 
circuit-breaker to circuit severity, i.e. the rate of rise of restriking voltage. 
Many air-blast circuit-breakers (and some very high-voltage oil circuit- 
breakers) overcome this problem by resort to resistance switching wherein 
external resistances are automatically connected in shunt with the contact 
gap and thereby damp out any high restriking voltage transients caused by 
current chopping. How these resistances are employed has been shown in 
simple terms in Fig. 2-6. 

As we shall see later, many air-blast circuit-breakers for the higher 
voltages employ a number of interrupter heads per phase, each taking a 
share in the interrupting duty and whether this share is equal in all heads 
depends largely on the voltage distribution across them. The shunt resistors 
noted play some part in this voltage equalisation coupled, in some designs, 
with capacitance also connected across the interrupter heads. 

Much of the discussion to this point has been based on the assumption 
that the circuit-breaker is of the type in which the flow of air is axial, i.e. 
the stream of air is in line with the arc. There are several forms of this type, 
the two in most frequent use being those shown in Fig. 8-2. 

In both forms, the moving contact is opened by the pressure of air 
admitted to the interrupter head when a tripping impulse leads to the 
opening of the blast valve. Movement of the contact will be seen to be 
limited to give a critical gap for arc extinction and is probably not more than 
about 0*75 inch. This is shown by the shaded area in Fig. 8-3 and at 
(a) is shown the need for the critical gap to be reached quickly if the current 
is to be interrupted at the first or second current zero (curve i) as compared 
with the condition (curve 2) where arcing may persist for 3 and 4 cycles. 
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(a) AXIAL BLAST WITH VERTICAL MOVING CONTACT 



(b) AXIAL BLAST WITH SIDE MOVING CONTACT 
Fig. 8-2 — Principle of axial blast interrupters {schematic only) 
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(a) 1 = HIGH SPEED OF OPENING 

2 = SLOW SPEED OF OPENING 
I == CURRENT 
s = STROKE 
t - TIME 



(b) 3 - DELAYED OPENING STROKE AT FAVOURABLE 

POSITION FOR ARC EXTINCTION 
I CURRENT 



axx 


Fig. 8 - 3 . — Illustrating the interruption of an arc in a critical gap^ 
(Messrs, Brown-Boveri & Co,, Ltd.). 
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At (c) in this illustration is shown the condition where the moving contact 
reaches the critical gap at high speed, stays at this point until the air supply 
is cut-off and then recloses. It will be clear that if the moving contact is 
limited to give a gap of, say, 0*75 inches, such a gap will be insufficient for 
circuit isolation and it becomes necessary to employ the series isolating 
switch shown in Fig. 8-2. The opening of this switch is automatic in that 
after a time interval sufficient for arc extinction in the interrupter head, 
compressed air is admitted to a piston to cause the series switch to open and, 
during its travel, cut off the air supply to the interrupter head. 

As the air pressure here falls, the moving contact returns under spring 
pressure to the closed position, as shown in the curve 4a, Fig. 8-3. The 
dotted curve 4b in this illustration represents the travel curve of the series 
switch. 



Fig. 8-4. — Showing extended travel of moving contact for system isolation. 

(Schematic only) see also Fig. 8-3 (b). 

Reclosure on an air-blast circuit-breaker is, under these conditions, a 
function of the series switch as the circuit- breaker moving contact is already 
closed. To close the series switch, air is admitted to a closing piston and 
the operation is one demanding high speed as, if needs be, the series switch 
must perform the onerous duty of making on to a fault, a duty we have 
already discussed in Chapter V. 

It is not absolutely essential that an axial flow air-blast circuit-breaker 
should have a series isolator as it is possible to arrange that after arc 
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extinction the moving contact is allowed to continue its travel to a position 
where the gap is ample for circuit isolation at syste^m voltage. The principle 
of this is shown in Fig. 8-4 and, to be most effective, the moving contact 
should be delayed in its movement for a short time at the critical gap. This 
feature is shown in Fig. 8- 3(b) by curve 3, but its practical application is 
not very simple. 

Air admitted to the interrupting head is usually at a pressure between 
200 to 300 lbs. per sq. in., but it has been reduced to this figure at reducing 
valves from a storage pressure approximately twice as high. In the contact 
breaking area, the air has to flow through a narrow orifice and beyond this is 
exhausted to atmosphere carrying with it the hot gases and products of 
arcing. On reaching atmospheric pressure at what is known as the '‘down- 
stream” end of the interrupter head, considerable expansion occurs such that 
the velocity of the air flowing in the orifice is extremely high, drawing the 
arc with it into the orifice and concentrating it into a small diameter. At 
current zero the air-blast is very effective as the arc column is very narrow 
and, on interruption, the dielectric strength recovers rapidly. 

An interesting comparison between air-blast and oil circuit- breaker 
performance may be noted here. It is that in the oil circuit-breaker, if the 
arc is not interrupted at the first current zero after the contacts have parted, 
interruption at the next current zero has an improved chance because the 
arc length and the gas pressure have both increased, but in an axial-blast 
air-blast design, the arc length cannot be increased beyond the limited 
movement of the retracting contact (its full movement is reached in an 
extremely short time) and further, pressure of the air may fall. For this 
reason an ample factor of safety in the air reservoir pressure must be allowed. 

At the higher voltages, two or more interrupter heads are used in series 
per pole to provide a multi -break arrangement and if a unit interrupter 
is developed the number required for a particular voltage rating may be 
determined by the performance of the unit. This means too, that, subject 
to control of the restriking and recovery voltages by resistors and/or capacitors 
as previously described to ensure equal distribution and provided that the 
air distribution system is symmetrical to each head, the breaking capacity 
will be shared equally by all the heads of any one phase. This is an important 
feature in short-circuit testing because no short-circuit test plant capable of 
affording full-scale testing facilities for values of MVA running into five 
figures could possibly be economically justified. In an article* reviewing 
air-blast circuit- breakers for very high voltages, Simpson has given the 
table reproduced below showing tj^ical ratings of multi -break breakers 
for four, six, eight and ten breaks over a range of voltages. 


No. of breaks 
per pole 

MVA at 

150 kV 

220 kV 

275 kV 

380 kV 

4 

7 500 

7500 

— 

— 

6 

— 

10000 

10 000 

— 

8 

— 

— 

15 000 

15 000 

10 




20 000 


* Journal I.E.E, Vol 4. Number 41, \day 1958, p 233 
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Similarly, Flurscheim, in an article published in 1954, has given a set of 
curves illustrating the interrupting performance of a three phase air-blast 
circuit-breaker with four, eight and twelve interrupting heads per phase, 
the curves being reproduced in Fig. 8-5. 

Before proceeding to show some examples of typical air-blast circuit- 
breakers of the type described, it is worth noting that there is another type, 
but with a much more limited application, probably 1 1 kV and about 
750 MVA. It is the type known as ‘'cross-blast'" and as far as is known 
to the author, there is no example of the type currently in production in 
Great Britain. 



Fig. 8-5. — Typical interrupting performance of three phase air-blast circuit- 
breakers with 4, 8 and 12 single-flow interrupters per pole (“The Engineering 
Journal”, Canada, Dec, 1953, and ”The MV Gazette”, July 1954.) 

The principle employed in the cross-blast design is fundamentally 
different from the axial-blast and, as seen in Figs. 8-6 and 8-7, the moving 
contact arm operates in close proximity to an arc chute to draw an arc 
which is forced by a transverse blast of air into the splitter plates within 
the arc chute, thereby lengthening it to the point when it cannot restrike 
after current zero. The consistent high-speed operation of the axial-blast 
type is not reproduced in this type, but as the air blast is constant regardless 
of current value, it is quite efficient in switching small currents. Because 
the moyjdig arm is not restricted (relatively) in its travel, full^ isolatio n is 
obtairtro without the need for a series isolator as in other type s. 

‘^Resistance swiTcHhg is not normally required as the lengthening arc 
automatically introduces some resistance to control the restriking voltage 
transient, but if extra resistance is thought desirable, it is possible to introduce 
this by connecting it in sections across the arc splitters. 
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Fig. 8-7 . — Outline of cross-blast air-blast circuit-breaker. 
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It is now possible to take note of some actual air-blast circuit-breakers 
and first refer to a range made by Associated Electrical Industries Ltd , 
covering the voltage range 66-330 kV and with breaking capacities from 
I 500 to 10000 MVA This range, a typical example of which is shown m 
Fig 8-8, employs interrupter heads operating on the pnnciples described 
for axial flow 



Fig 8-8 — 275 kV air-blast circuit-breaker installed at Carrington Power Station 
with eight interrupting heads per phase (Associated Electrical Industries Ltd ) 


Note from this illustration how the blast columns below the interrupter 
heads and the centre post carrying the series switch are mounted directly 
on an air receiver (one per phase) which stores air locally from a mam 
storage located elsewhere 

Fig 8-9 shows, diagrammatically, the arc-interrupting process in an 
interrupter head 

In studying Fig 8-9, it should be noted that the central air feed pipe 
branches to feed the interrupter head shown to the left and a second head 
(not shown) to the right and identical in every way, the two being in series 
electrically How a number of heads are assembled in a multi-break 
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arrangement will be clear from Fig. 8-io, wluch shows four interrupting 
heads in series and which in turn are in series with clnother identical group |iK3 
form a single-pole unit having eight breaks as shown in the bird's-eye view 
in Fig. 8-II. 

In the general technical discussion earlier, mention has been made of 
the series switch which must be used to finally isolate the circuit after arc 



A~AIR RESERVOIR C— PORCELAIN BLAST TUBES 

B— BLAST VALVE AT EARTH POTENTIAL D— PORCELAIN INTERRUPTING CHAMBER 

E— non-linear resistor 

Fig. 8-10. — Schematic arrangement of four interrupting elements with identical 
synchronised air supplies (Associated Electrical Industries Ltd.). 

interruption. This switch is seen in the closed position carried by the centre 
post insulator, the blade, when operated by its driving system, rotatii^ to 
take up a position at right angles to the centre line of the interrupter heads. 

Fig. 8-10 shows how symmetry is obtained in the air supply to a group 
of four interrupting heads which, as pointed out earlier, is essential to ensure 
that each head interrupts its equal share of the total current. 

The majority of air-blast circuit-breakers will be installed out-of-doors 
and be subject to every weather condition under extremes of temperature. 
The series switch will be particularly affected in these circumstances when 
subject to severe icing conditions and it is important that whatever happens 
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the switch must be able to break away and subsequently to re-make. To this 
end tests are carried out and Fig. 8-12 (upper picture) shows a test condition 
applied to the series switch with the blade in the closed position and with 
ice surrounding the contacts to a considerable thickness, a condition 
maintained for several hours prior to opening the switch as shown in the 
lower picture. 

In the majority of high-voltage oil-break circuit-breakers it is possible 
to incorporate ring-type current transformers over the bushings but in many 
air-blast designs no such bushing is available and in this event the necessary 
transformers must be separately mounted. As we shall see later, the current 
transformer can, in some designs, be incorporated in the post insulator 
carrying the fixed contact for the series switch. 

Typical of the separately mounted current transformer is that shown 
in Fig. 8-13. 



Fig. 8- 1 1 — View from above showing a single pole 275 kV unit with eight 
breaks per pole (Associated Electrical Industries Ltd.). 


This is an oil-filled unit with an oil-sealing chamber above the primary 
terminal chamber. This sealing chamber is divided by a vertical partition, 
an aperture at the base of which permits oil to flow from one half of the cham- 
ber to the other. The space above the oil in one half of the chamber is 
vented to the outer atmosphere while the space above the oil in the other 
half communicates through a pipe with the space above the main body of 
oil in the primary terminal chamber, the spaces being filled with nitrogen. 
Thus, the main body of oil is not in contact with the outside atmosphere 
but is free to expand without significant change in pressure. 

In a range of designs manufactured by The English Electric Co. Ltd., 
for voltages 3*3 to 66 kV, the air-blast circuit-breakers are suitable for indoor 
accommodation in cubicles, cells, or blockhouses, the short-circuit ratings 
extending from 250 MVA at 3-3 kV up to 2500MVA at 65 kV. For 
voltages higher than this the designs are for outdoor use and extend up to 
650 kV (projected) with a range of interrupting capacities up to 50/60 kA. 
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Fig. 8-12 — Showing severe icing test on the series switch of an air-blast 
circuit-breaker (Associated Electrical Industries Ltd ) 



220 


THE J. & P. SWITCHGEAR BOOK 



Fig. 8-13. -Outdoor current transformer for service voltages 220/275 
(Associated Electrical Industries Ltd,). 
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Up to 33 kV a single vertically-mounted interrupter head is employed 
operating on the axial-blast principle previously described, employing a 
series switch for final isolation and on closing, to “make** the circuit (the 
illustrations following describe this switch as a “make switch**). At 
voltages from 3-3 to ii kV, the circuit-breakers are available with normal 
current ratings up to 3 000 amperes and as currents of such magnitude 
cannot be carried within the interrupter head, a by-pass switch is employed 
to carry this main current but so arranged that it has no duty in fault 
interruption. This involves an air-operated mechanism which, when a 
breaker tripping impulse is received, causes the by-pass switch to open first 
and in so doing initiates the opening of the valve system to admit air to the 
interrupter head, open the interrupter contacts and finally open the series 
switch. When reclosing the breaker, the procedure is reversed so that the 
by-pass switch closes last With this arrangement, the by-pass switch is 
external and has no ability to break or make current. As noted earlier, the 
range of air-blast circuit-breakers for the lower voltages is essentially for 



Fig. 8- 1 4. --Indoor type air-blast circuit-breaker with by-pass switch for heavy 
normal current ratings 3*3/11 feV. Frame “fi** {English Electric Co. Ltd.). 
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indoor accommodation and Figs 8-14, 8-15, 8 16 and 8-17 serve to illustrate 
the range to 33 kV 

In the 66 kV indoor type, two interrupter heads in series are used per 
pole and are located in a horizontal insulator, each head having its own 
cooler and blast valve As seen in Fig 8-18, there are two air receivers 
per three phase circuit breaker 



Fig 8-15 Air blast circuit-breaker 11 kV as Fig 8 14, mounted in sheet 
steel cubicle doors opened and h v guard removed (English Electric Co Ltd ) 
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COOLER (D) 


ARCING PROBES (E 
INTERRUPTER (A) 
VERTICAL INSULATOR {By 


FIXED CONTACT (F) 
MOVING CONTACT (G) 



Fig. 8-i6. — Sectional arrar^ement of 33 kV air-blast circuit-breaker. 
Frame **e** (English Electric Co. Ltd.), 
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Although of indoor design, an economical design of outdoor substation 
IS achieved by accommodating each circuit-breaker in a blockhouse, a 
typical arrangement being that shown in Fig 8-19. 



Fig 8-17 —33 kV air-blast circuit-breaker for indoor mounting Frame ''e 
{English Electric Co Ltd ) 


In an Enghsh Electric range for higher voltages (from no to 345 kV) 
multiple interrupter heads are connected in series in vertical stacks, using one 
stack per pole up to 165 kV and two for higher voltages, typical circuit- 
breakers being shown in Figs. 8-20 and 8-21 
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1 INTERRUPTER UNIT 

2 STRESS RING 

3 COOLER 

4 ISOLATOR FIXED CONTACT 

5 ARCING CONTACT 

6 TOP BEARING AND ISOLATOR 

BLADE 

7 STRESS RING 

8 SUPPORT INSULATOR 

9 STRESS RING 

11 BLAST VALVE 

12 AIR RECEIVER 

13 FLOOR BOLTS 

14 ISOLATOR OPERATING GEAR 

15 AUX. DRIVE 

16 PIPEWORK AND FITTINGS 

17 CONTROL VALVE (STEP UP) 




Fig. 8-i8. -Sectional arrangement of 66 kV indoor air-blast circuit -breaker 
Frame “c" (English Electric Co. Ltd.). 






Fig. 8- ig.— Arrangement of blockhouses for 66 kV air-blast circuit-breakers 
(English Electric Co. Ltd.). 
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In Fig. 8-21, it will be seen that the series (make) switch takes a different 
form to those previously noted in that two blades are used, making contact 
at the centre. 

It has been indicated earlier that current transformers associated with 
air-blast circuit-breaker installations may be either separately mounted or, 
where the design is suitable, within the post insulator supporting the series 
switch contact. Fig 8-22 shows the latter arrangement. 

In this high-voltage range, the interrupter head is a standard unit as 
shown in Fig. 8-23, in which the main components consist of a housing 
containing a spring-loaded moving contact which makes contact under 
spring pressure with the fixed element immediately above. The piston 
behind the sliding contact acts as a buffer for both the opening and closing 
movements. When air is admitted to the interrupter head, the moving 
contact is forced off the fixed contact when the air pressure is sufficient to 
overcome the spring pressure and the blast of air is exhausted through the 
nozzle to the exhaust chamber above. 

In the English Electric designs so far noted the interrupter head is 
normally*not pressurised and only after receipt of a tripping impulse is the 



Fig, 8-20.- -132 kV air-blast circuit-breaker (English Electric Co. Ltd.). 
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blast valve opened to admit air and automatically open the contacts within 
the interrupter head. In all designs, too, final circuit isolation has been 
made on a sequence operated series switch externally mounted, but air 
operated, and it has been noted that care has to be taken that this switch will 
operate successfully under the very worst icing conditions. We have 



Fig. 8-21 — One phase of a three phase 220 kV air-blast circuit-breaker 
(English Electric Co Ltd ) 


noted, however, that in some designs it is possible to dispense with this switch 
and to obtain full circuit isolation within the interrupter heads. 

Such a design has recently been developed by the English Electric Co. 
Ltd., to cover all voltages from 132 kV up to 650 kV, with normal current 
ratings up to 4 000 amperes and breaking capacities up to 50/60 kA. This 
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Fig. 8-22. — CrosS’Secttonal view of 165 feV air-blast circuit-breaker with 
current transformer housed in make-switch post insulator. 

(English Electric Co. Ltd.) 
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arcuit-breaker is permanently pressurised throughout up to the exhaust 
valve so that full operating air pressure is available at the contacts and there 
18 no pressure drop or time delay in filling the support insulators as is 
necessary in breakers having blast valves at the receiver. 

Operation on receipt of a tripping impulse in this type is mecham6al 
and the crank and lever movements associated with the operation cause 



Fig 8-24. -Arrangement of one phase of a 400 kV 35 000 MVA air-blast 
circuit-breaker with interrupter heads in formation 
{English Electric Co Ltd ) 

air to be admitted to a piston which opens an exhaust valve This exhausts 
the air from one section of the contact system creating a pressure differential 
between the two parts and results in a moving tube and contact throat 
retracting, first from the main contacts to the arcing contacts and then final 
parting allowing the high pressure axi to exhaust through a nozzle to 
atmosphere A feature of this design is that the arcing contacts are free to 
move along with the main moving contact for approximately half the travel, 
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and are then halted by a stop, leaving the moving contacts to complete the 
travel alone. By this means a greatly increased speed of opening is attained 
at the instant of contact separation. 

The interrupter heads are arranged in “Y" or “T'* formations or a 
combination of both to suit the rating required. A typical formation 
is shown in Fig. 8-24 and a ‘'T*' formation in Fig. 8-25. These illustrations 
clearly show the switching resistors connected across the interrupter 
heads for the purpose of damping any overvoltages which may occur when 
switching small inductive currents and, in conjunction with capacitors, 
ensure equal voltage distribution across the interrupters, all as previously 
discussed. These resistors, of the carbon ceramic linear type, are switched 
in and out of circuit by automatic resistor interrupters of an air-blast type 
and operated by differential air pressure. When the breaker is closed, the 
resistor interrupters are open so that the switching resistors are open- 
circuited. When the bres^ker trips the resistor interrupter is first auto- 
matically closed, thereby inserting the resistor in parallel with the main gap 
prior to the parting of the main contacts. When the exhaust valve resets 
after the main contact arc is extinguished, the resistor interrupter is auto- 
matically reopened and in so doing breaks the resistor current. 




Fig. 8-25. — Cross-sectional view of one stack of a 400 kV 35 000 MVA air- 
blast circuit-breaker with interrupter heads in formation 
{English Electric Co. Ltd.). 
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Fig. 8-26. — Simplified diagram of air-blast circuit-breaker with side-contact 
**turbulator'* (A, Reyrolle & Co, Ltd,). 

The range of designs by A. Reyrolle and Co. Ltd. covers voltages 
from 66 kV to 400 kV. The breaking capacity range required is achieved 
by mounting the necessary number and type of basic interrupter units in 
series: these interrupters have side-moving contacts, see Fig. 8-2(b), metal 
arcing chambers and built-in grading resistors. 

The basic design ig shown in Fig. 8-26 in diagrammatic form and in 
this illustration what we have previously called a series isolating switch is 
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Fig 8-27— Typical installation of 66 kV air-blast circuit-breakers 
(A Reyrolle & Co Ltd.) 


described as the ‘‘Isomaker’' and combines the functions of series isolation 
and circuit’ making 

To open the circuit- breaker, operation of the tripping valve is first 
imtiated by the tnp-coil plunger and air is thereby admitted, via the change- 
over valve, to the blast valve. The latter now opens, admitting air from the 
local receiver to the blast-pipe and arcing chamber 



AIR-BLAST CIRCUIT-BREAKERS 233 

The pressure of the air so admitted causes the moving contacts (mounted 
on a spring-loaded piston) to open by lateral movement, thus opening the 
circuit and drawing an arc between the fixed contact and the extended 
electrode on the moving contacts. The blast of air rapidly transfers the arc 
to a central position through the nozzle to root on the arcing electrode, in 
which position it is extinguished. 

Compressed air also passes to the ** Isomaker*' drive piston causing 
this switch to open and when it has reached a predetermined position it 



Fig. 8-28. — Cross-sectional drawing of twin-arc air-blast ''turbulator** for 
66 kV service (A. Reyrolle & Co. Ltd.). 


Q 
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Fig. 8-29. — 132 kV air-blast circuit-breaker and associated equipment 
(A. Reyrolle & Co Ltd.). 
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causes the changeover valve to operate and thereby reverse the supply of 
air to the blast-valve, causing the latter to re-close.' Air is now shut off from 
the blast-pipe and interrupter so that the moving contacts can return, 
under spring-pressure, to their normally closed position, thus completing 
the opening operation. 

To close the circuit-breaker, operation of the closing- valve admits air 
to the closing side of the ‘'Isomaker'* drive piston, and thereby closes the 
switch and the circuit is now re-established. 



Fig. 8-30 . — Section through an air-blast circuit-breaker for 132 feV service 
(A, Reyrolle & Co. Ltd.). 
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Fig. 8-31. — One pedestal of three used per phase on a 275 kV air-blast circuit- 
breaker (A. Reyrolle & Co. Ltd.). 
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A study of Fig. 8-26 shows an inlet for conditioning air. This is 
provided to avoid condensation of moisture on internal insulation surfaces 
and the air flow for this purpose is continuous. It must, of course, be dry 
air, and in order to reduce its relative humidity to a low value, the compressed 
air is expanded to almost atmospheric pressure. 

The provision of conditioning air also offers a means whereby the 
air-tightness of the circuit-breaker may be checked, this being achieved by 
comparing the quantity of incoming and outgoing air on visual flow-meters. 

In the 66 kV air-blast breaker, seen in Fig 8-27, a twin-arc air-blast 
“turbulator'* is employed as shown in Fig. 8-28. In this arrangement the 
two multiple-finger contacts are solidly coupled together and are operating 
by a common piston 



Fig 8-32 -275 feV, 15 000 MVA air-blast circuit-breakers and associated 
equipment in service (A Reyrolle & Co Ltd ) 

For 132 kV service, two twin-arc air-blast ‘"turbulators” are employed 
in series per phase, as shown in Fig. 8-29, and in cross-section in Fig. 8-30. 

A cross-sectional view of a typical pedestal as used on high-voltages 
(220 kV and above) is shown in Fig. 8-31, and seen in an actual installation 
in Fig 8-32. 

For use on 400 kV systems, A Reyrolle & Co. have developed a design 
having an interrupting capacity of 35 000 MVA and a normal current rating 
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Fig. 8-33. — Cross-sectional view of one stack of a 400 kV 35 000 MVA 
air-blast circuit-breaker Three such stacks are used per phase {see Fig 8-34) 
(A. Reyrolle & Co Ltd,) 
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Fig 8-34 - View of one phase of a 400 kV 35 000 MVA air-blast circuit- 
breaker (A. Reyrolle & Co. Ltd.) 


of 4 000 amperes in which the circuit-breaker is permanently pressurised 
throughout up to the exhaust valve, at 470 p.s.i. Thus, this pressure is 
immediately available at the contacts when they part due to a tripping 
impulse, eliminating the time delay and air pressure drop associated with 
designs having a blast valve at the local receiver which admits pressurised 
air only when opened 

The dielectric properties of compressed air are fully utilised as a primary 
insulant and the circuit-breaker can be maintained in the open or closed 
positions without the need for series isolators (as previously described for 
lower voltage designs), as full isolation is obtained within the circuit-breaker 
itself. 

From Figs. 8-33 and 8-34 it will be seen that each phase consists of three 
hollow support insulators mounted on a common local air receiver and that 
each of these insulators in turn carries two angled live-pressure-vessels, 
the receiver and the vessels being connected by an air feed pipe running 
through the hollow support insulator. 

Each live-pressure-vessel houses a fixed and moving contact system 
(designed to give twelve breaks per phase), the exhaust and cut-off valves, 
and resistance switching elements comprising resistors and a switching 
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contact system. External capacitors are fitted to control the voltage distri- 
bution across the interrupting elements with the breaker in the open position. 

The main moving contacts, which are of the multiple finger type, arc 
carried on a free-moving piston, while cylindrical fixed contacts are formed 
by extensions to the conductors passing through the wall of the pressure 
vessel. The fixed contacts lie directly opposite an arcing nozzle. Movement 
of the piston to open the contacts occurs due to out-of-balance air pressures 
on the upper and lower faces of the piston when the exhaust valve is opened 
and high pressure air below the piston escapes to atmosphere. Conversely, 
to close the circuit-breaker, the exhaust valve chamber is sealed to atmos- 
phere and high-pressure air admitted to lift the piston and thereby close 
the contacts. 

Remote operation is electro-pneumatic, the required cycle being initiated 
by energising either the trip coil or the closing coil, both seen in Fig. 8-33 
at the base of the support insulator and connected mechanically by a 
rod and crank system to the control valves at each live-pressure vessel. 

Concurrehtly with the development of the air-blast circuit-breaker, 
attention has been directed to the plant essential for the supply of air to 
ensure availability at the right pressure and in sufficient quantity at all 
times. The quality of the air is equally important, dryness being one 
essential requirement so that the internal insulation of the breaker shall not 
be affected by moisture. Moisture in the air can be removed by refrigeration 
or by some drying agent or, as has been noted previously, by compression 
to a pressure about twice that which will be used at the breaker, the air 
expanding on reduction of the pressure. 

Duplication of the compressor plant is normal to afford security and, 
to ensure the supply, the pipe system is comparable to that of an electricity 
supply system using one or more ring mains or a duplicate ‘*bus pipe*’ 
system. 

For indoor installations the main air storage receivers are inside. When 
the circuit-breakers are outside, the main receivers are also placed outside, 
shaded from the sun, to ensure that the temperature of the stored air does 
not exceed that in the local receiver, thus minimising the risk of condensation. 

Fig. 8-35 shows a typical air-pressure system with ring main piping 
whilst Fig. 8-36 shows a system of duplicate bus pipes. 






Fig. 8-36. — Compressed air system using duplicate bus pipe line (Associated Electrical Industries Ltd,). 
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CHAPTER IX 

HEAVY DUTY AIR-BREAK CIRCUIT-BREAKERS 


In an earlier chapter it has been noted that in Britain, for voltages up to 
1 1 kV at least, the oil circuit-breaker is by far the most popular form in use, 
a fact attributable to the highly successful development of the type for 
fault interruption under severe conditions.^ In recent years an increasing 
tendency has been noticeable towards theihir-break circuit-breaker, parti- 
cularly for power station auxiliary services and in large industrial installations 
where relatively high breaking- capacity is required. 

The air-break circuit- breaker in its simplest form has, of course, been 
used for many years on d.c. installations and on some l.v. a.c. up to about 
600 volts. Relatively slow acting with fairly long arcing time, this older type 
employed no special means of arc-control and its breaking capacity was 
limited. The arc, on striking between the separating contacts, was 

LINES OF FORCE IN BLOW-OUT FIELD TRAVELLING 
TOWARDS OBSERVER AS SHOWN BY THICK DOTS 
AND AWAY BY THICK CROSSES 


LINES OF FORCE DUE TO 
ARC ARE SHOWN BY THIN 
DOTS AND CROSSES NOTE 
HOW FIELD IS STRENGTH- 
ENED BELOW AND WEAK- 
ENED ABOVE THE ARC. 
CAUSING IT TO MOVE UP- 
WARDS AND LENGTHEN 



Fig. 9-1 . — Diagram showing principle of 
magnetic blow-out. 
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lengthened by being bowed upwards due to the electromagnetic forces until 
it reached a point at which it could no longer be sustained by the system 
voltage. In some cases these forces were augmented by a magnetic blow-out 
derived from a suitably located series coil functioning in the manner shown 
in Fig. 9-1. 

This fairly simple type of breaker, however, could not meet the require- 
ments of power systems where, in the voltage range 400-600 volts, breaking 
capacities of 15 to 35 MVA are necessary and it was, of course, never 
contemplated that they could be adapted for use on higher voltages, e.g. 
3*3 to II kV with breaking capacities of 150 to 500 MVA. Instead, new 
designs have been produced of a much more robust character, utilising 
specially designed contact systems and arc chutes, and giving high-speed 
operation and short-arcing times. 

Such circuit- breakers, employed as they are at locations close to power 
sources, must, of necessity, be capable of performing no less efficiently 
than their counterpart the oil circuit-breaker and the short-circuit proving 
tests to which they must be submitted are, indeed, equal to those in B.S. 1 16 
for oil breakers. These tests of breaking and making capacity, at low power 
factor and the maximum degree of asymmetry are onerous and particularly 
so in the lower voltage class. In the latter, the design may be regarded as 
only economically possible for breaking capacities of 15 MVA and upwards 
and this, in turn, suggests that the lower value of normal current rating will 
be 600 amperes or perhaps 800 amperes These limitations lead also to 
the need for power operated closing mechanisms (solenoid or spring) for 
short-circuit values above 22000 amperes (symmetrical r.m.s.) and while 
band operated mechanisms do exist, the majority of designs employ other 
forms in preference, in line with British Standard recommendations. 

At the lower voltages, too, it is possible in most designs to use series 
(whole current) overload coils for currents up to about 800 amperes and 
it must be borne in mind that for low currents, say up to 100 amperes, the 
interrupting capacity of the breaker as a whole will be determined by the 
ability of the coils to withstand the effects of short-circuit current. In 
other words, while a breaker without series overload coils may have a 
breaking capacity of, say, 30 MVA, the effect of adding series coils of low 
current rating may reduce the overall ability to a much lower figure, perhaps 
as low as 7*5/10 MVA. This feature is not, of course, peculiar to the 
air-break circuit -breaker; it applies equally to the oil-break type. 

The design problems associated with the air-break circuit-breaker at 
3*3 kV and above will be very different to those which concern medium- 
voltage designs. Not only is there the problem of higher insulation strengths 
but, more important, that of interrupting in air at atmospheric pressure. 

In this chapter we shall be concerned only with designs to meet the 
requirements bf heavy duty,* considering first those for the voltage range 
400/660 volts and later those for 3 3 to ii kV. 

^In the medium voltage range, an elementary arrangement is shown 
diagrammatically in Fig. 9-2, comprising a contact system of separate main 
and arcing contacts, an arc chute with splitter plates and a pair of arc runners, 
the purpose of the latter being to assist the movement of the arc into the 
chute and into close contact with the splitter plates. 


* Mainly classes B and C. ASTA No. 16 
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SPLITTER PLATES 



When an arc is drawn at the arcing contacts, it is forced upwards by its 
own electromagnetic forces and by thermal action, its roots travelling rapidly 
along the arc runners. The splitter plates tend to break up the arc and 
lengthen it while at the same time the plates cause cooling and de-ionisation 
to the point when the arc is readily extinguished at an early current zero. 
The plates also help to reduce the velocity of the expelled arc products to 
atmosphere above the arc chute. ^ 

We shall see later in describing some of the available designs, that 
there are numerous variations on the simple basic form, Fig. 9-2, as for 
example the use of steel or copper splitter plates in certain cases and insu- 
lated, arc-resisting plates in others. The arc runners in one design are 
fixed within the structure of the arc chute instead of being part of the contact 
structure. In yet other designs, the arc runners are simply extensions 
of the arcing contacts. 

All designs are of the single-break type and it is particularly important 
that, if there is any possibility of a break at the hinge contacts, the continuity 
of the current path being ensured by flexible conductors or other means. 
In some designs this problem is avoided by having no contact breaking 
elements at the hinge point. 

fThe advantages of the air-break circuit-breaker are that the elimination 
of oil reduces the maintenance necessary, particularly if repeated operations 
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are essential, that the total break and arcing times are much shorter than 
are possible in plain-break oil circuit-breakers, and that unlike so many 
low-voltage oil circuit-breakers, the air-break circuit-breaker can be housed 
in flush-fronted enclosures of more pleasing appearance and in double tier 
formation, while retaining their valuable draw-out features^ 

In addition, access to the contacts for inspection or replacement is more 
readily obtained than when an oil tank has first to be removed. 

A typical air-break circuit-breaker of the type discussed is that shown in 
Fig- 9-3» one of a range made by the General Electric Co. Ltd., with current 
ratings of 800-3000 amperes, and a breaking capacity of 31 MVA at 
490-550 volts. 



PHASf BAlIRtffl 


ARC CHUTf 
CtAHPINC BAR 


CONTROL WIRING RLUGS 
CONTROL WIRING 

TRfR.PRBE MfCHANISM 

removable 

SHUNT TRIR COIL 

TRir SHAFT 


ORCRATING 


ARC CHUTE 


FIXED AND MOVING 
ARC CONTACTS 


MAIN CONTACTS 


CATCH 


AUXILIARY SWITCHES 


ROSITION INDICATOR 
SHAFT 


Fig. 9-3. — 800 ampere air-break circuit-breaker with one aic chute removed 
(The General Electric Co, Ltd.). 

In this design, both the main and arcing contacts are of the butt type, 
the main contacts being faced with silver and the arcing contacts with an 
iirc-resisting alloy to reduce arc erosion. The box-shaped arc chute is made 
of arc-resisting material with splitter plates shaped to produce tapered slots 
as shown in Fig. 9-4. 

Tests on circuit-breakers in this range show that both the total break 
time and the make time are less than 4 cycles and at the higher values of 
short-circuit current, arcing times are generally less than one cycle. The 
ability to break low values of current such as transformer magnetising 
currents is demonstrated in the curve Fig. 9-5, which shows the relation 
between arcing time and the current interrupted by a 2 000 ampere circuit- 
breaker. 
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Fig. 9-4. — Arc chutes for 2 000 ampere (left) and 800 ampere (right) air-break 
circuit -breakers (General Electnc Co. Ltd.). 


A range of circuit-breakers, made by Associated Electrical Industries 
Ltd., includes current ratings 600-2400 amperes with brealdng capacities 
up to 31 MVA at 415 volts. A i 600 ampere unit is shown in Fig. 9-6. 

In these circuit- breakers, one set of contacts only are used to serve 
both the main current carrying and arcing duties for normal ratings up to 
800 amperes. Above this, separate sets of contacts are used for the two 
duties. Advantage is taken of the electromagnetic forces arising from heavy 
short-circuit currents by designing the contact system in a way such that 
these forces tend to increase the contact pressure, a feature shown in Fig. 9-7. 

The arc chute employed is of novel construction in that a number of 
copper rods are fixed between the two side plates of the arc chute box for the 
purpose of cooling and controlling the arc. A partly dismantled arc chute 
is shown in Fig. 9-8 to illustrate the construction and this also shows how 
two wide copper strips are built in to act as arc runners. A steel strip on the 
centre line of these runners serves to centralise the arc in the chute. 

A design which has the arc runners forming part of the contact system 
is one by W. Lucy and Co. Ltd., the runners on the moving contacts being 
arranged to move with them. The complete contact system is shown in 
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Fig. 9-5. — Relation between arcing time and cunent interrupted^ on a 2 000 
ampere air-break circuit-breaker (The General Electric Co. Ltd.). 
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Fig 9-7. -Contact system for air-hieak ciicuit -breaker in Fig^ 9-6 
{Associated Electrical Industries Limited). 



Fig. 9-8. — Partly dismantled arc chute for the breaker in Fig. 9-6 
(Associated Electrical Industries Ltd.) 
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Fig 9 9 —Air break circuit breaker in closed position with one arc chute 
removed ( W Lucy & Co Ltd ) 

Figs 9-9 and 9-10 in the closed and open positions respectively, with one 
arc chute removed 

C In the contact system shown it will be seen that there are what are called 
‘ secondary’* contacts These * ’secondary” contacts are so arranged that 
they break after the mam contacts and before the final arcing contacts The 
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Fig q- 10.— Air-break circuit-breaker in open position with one arc chute 
removed. (W. Lucy & Co. Ltd.) 

design is rated at 26 or 31 MVA at 415 volts with arcing times of less than 
i cycle at 100 per cent breaking capaaty duty, and although shown in the 
illustrations as mounted on panels, the breakers can be cubicle mounte 
in draw-out or non-draw-out arrangements.^ 



Fig 9- 1 1 -Air-break circuit-breaker in open position, one aic chute removed 
to %how contact system (G Ellison Ltd ). 
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Fig. 9- 1 1 shows a design by George Ellison Ltd., in which the main 
and arcing contacts (fixed and moving) are one-piece components, the 
arcing area being faced with silver tungsten to reduce arc erosion. As in 
most designs, the arcing contact makes first and breaks last, but in this design 
the arcing contact is arranged to re-open after the mains contacts are fully 
closed. The advantage of this arrangement is that, if when closing on to a 
fault, any welding occurs at the arcing contacts, the re-opening action is 
such as to break the weld. It also means that the arcing contacts play no 
part in the normal current carrying function. Similar contacts are also 
used at the hinge point, but to ensure that no current is broken here, the 
fixed and moving elements are bridged by flexible conductors. 



Fig. 9-12. — I 600 ampere air-break circuit-breaker with arc chutes removed 
to show butt type contacts with arcing horns (The English Electric Co. Ltd.). 


The upper edges of the arc chute splitter plates can be seen in Fig. 9-1 1. 
Two current ratings of 800 and i 600 amperes are employed with breaking 
capacities of 26 MVA Class B and 31 MVA Class A, at 415 volts. 

The contact system in the English Electric design is shown in Fig. 9-12, 
the contacts, both main and arcing, being of the butt type with extended 
tips and serve as arc runners to assist the arc into the splitter- type arc chute. 
The splitter plates are made of steel and these, due to magnetic interaction 
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Fig 9 13 — Rear view of circuit breaker shown in Fig 912, with arc chutes 
fitted This view also shows the cluster type isolating contacts and the 
auxiliary contacts (The English Electric Co Ltd ) 


with the arc held, ensure that the arc is drawn rapidly upwards to be broken 
up and cooled to extinction A rear view of a circuit breaker from above is 
shown in Fig 9 13 

Three current ratings are used, 800, i 600 and 3 000 amperes having a 
breaking capacity rating of 31 6 MVA at 415 volts 

In their design, A Reyrolle & Co Ltd employ a contact system in 
which the moving element is a hinged blade which mates with fixed contacts 
of the self-aligning and self-gripping finger type Extended sections of 
both the moving blade and fixed fingers serve as arang contacts and these are 
tipped with special arc-resisting metal In addition, a pair of intermediate 
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contact fingers are used to facilitate the transfer of current from the main 
contacts to the arc contacts and thus prevent burning of the silver facings on 
the main contacts. Fig. 9-14 shows a front view of a i 200 ampere circuit- 
breaker with one arc chute removed to show the contact system as described, 
the range including three current ratings of i 200, i 600 and 2 400 amperes 
with breaking capacities up to 31 MVA at 415 volts 

It will be clear from what has been indicated that in the medium- voltage 
range, the air-break circuit-breaker has been developed mainly to cover 
heavy-current applications and where the breaking-capacity requirements are 
in the range 25 to 31 MVA at 415 volts Such conditions are those regularly 
met in power station auxiliary services and in the larger industrial plants 



Fig. 9-14. — Front view of air-break ciicmt-breaker with one arc chute 
removed (A. Reyrolle & Co. Ltd.). 
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Fig. 9-15 — 3*3 feV air-break circuit-breaker on truck. One arc chute 
removed (The General Electric Co. Ltd,). 

It IS in these two fields also that the development of the air-break 
circuit-breaker in the voltage range 3*3 kV to 1 1 kV has received its greatest 
impetus and in power station practice, particularly, the increasing size of 
power units has demanded higher powered auxiliary services beyond the 
recognised economic limits for medium voltages. The first step for dealing 
with these increased powers was to choose 3 *3 kV for all auxiliary services 
above a certain h.p. and it was at this voltage that air-break circuit-breakers in 
the higher voltage range were first developed. Later developments brought 
in 6*6 kV designs and much more recently an ii kV development has been 
noted. 

At these voltages, breaking-capacity ratings of 150/250 MVA at 3*3 kV 
and 500 MVA* at ii kV are required to meet service conditions, ratings 

*The increasing size of individual generator units uxmld indicate that 750 MVA at iikv may be 

essential in the future 
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which involve the interruption of 26300/43800 amperes at 3-3 kV and 
26 300 amperes at 1 1 kV, both values being r.m.s. symmetrical. It is obvious 
that to interrupt such currents at these voltages in air at atmospheric pres- 
sures requires considerable knowledge of the behaviour and control of arcs 
in arc chutes based on fundamental data obtained from intensive research. 
The resulting circuit-breaker may be quite large and, in particular, the arc 
chute can be quite a high structure. When mounted in a cubicle (see 
example Fig. 10-19 in Chapter X) means to exhaust the products of arcing 
to atmosphere above the arc chute must be provided. 

Figs. 9-15, 9-16 and 9-17 relate to one 3*3 kV design showing, respec- 
tively, a complete circuit-breaker, a close-up view of the contact structure 
and an inside view of an arc chute. 


AIR PUFFER NOZZLE 


SPRING LOADED 
HINGE JOINT 


CONNEXION TO 
FRONT ARC RUNNER 



Fig. 9-16. — Contact structure of the circuit-breaker shown in Fig. 9-15 
(The General Electric Co. Ltd.). 


In this design the high-pressure main butt contacts comprise an upper 
fixed contact block carrying multiple spring-loaded contact fingers, with 
which contact is made by a block carried on the pivoted moving contact arm. 
The arcing contacts are also of the high-pressure butt type, the fixed fingers 
being pivoted and spring-loaded. The main and arcing fixed contacts 
are both arranged to be on the inside of the current path loop formed by the 
contacts and bushings so that the electromagnetic forces produced by heavy 
fault current augment the contact pressure. To assist arc extinction, parti- 
cularly at very low currents, two air dashpots are arranged to direct a puff 
of air into the arc as the breaker opens. As seen from Fig. 9-16, one arc- 
runner forms part of the fixed arcing contact assembly, while the other runner 
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is built into the arc chute itself as seen in Fig. 9-17. This latter illustration 
also shows the metal splitter plates employed and with this design of circuit- 
breaker, no magnetic blow-out is required. At the hinged end of the moving 
contact arm current is transferred to the lower fixed contact block through 
spring-loaded hinge joints which incorporate annular silver rings on the 
contact arms to ensure ample conductivity. 

The range of high-voltage air-break switchgear developed by A. Reyrolle 
& Co. Ltd. includes 250 MVA at 3*3/6-6 kV and 500 MVA at 6-6/11/15 kV, 
the units being of very different physical size. Fig. 9-18 shows a cross- 
sectional view of a 500 MVA unit. 



Fig. 9-17. — Interior view of arc chute for the circuit-breaker shown in Fig. 9-15 
(The General Electric Co. Ltd.). 

This illustration gives an excellent indication of the contact system, 
arc runners and arc chute, the circuit- breaker being shown in the closed 
position. It will be seen that the hinged moving contact arm has laminated 
copper flexibles spanning the hinge point. This arm carries at the upper end 
the main and arcing contact details, the former being silver faced and 
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Fig 9-18 - Section drawing of 6*6/11/15 feV, 500 MVA air-break circuit- 
breaker (A. Reyrolle & Co, Ltd ). 


engaging with multi-finger high-pressure fixed contacts, the arcing contact 
m^ng a butt type engagement with the fixed arcing contact. Both fixed 
and moving arc contacts are faced with arc-resisting metal and m order to 
facilitate the transfer of current from the main contacts to the arcing contacts, 
and avoid as much as possible any burning of the silver facings on the main 
contacts, intermediate contacts are fitted, the design of which is similar 
to the main contacts, but again faced with arc resisting metal. 

A study of Fig. 9-18 shows that a tail is attached to the moving contact 
system and when the breaker opens this tail assists in the function of trans- 
ferring the arc to the arc runner on the moving contact side. This tail 
also acts as a shield to prevent the arc from moving down the back edge of 
the moving contact to a position below the chute. 






Fig. 9-19.- Stages in opening of air-break circuit-breaker shown in Fig, 9-18 
(A. Reyrolle & Co, Ltd.). 
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Note also that a link connection exists between the arc runner on the 
moving contact side and the hinged point of the moving arm, the purpose of 
this link being to act as a shunt to ensure that, with the breaker open, a 
short series arc does not persist between the tip of the tail and the runner 
at a point low down in the arc chute. This point is illustrated in Fig. 9-19. 

The arc chutes in this design are of the coil-less type, i.e. coils are not 
required to energise an external iron circuit to produce a flux to drive the 
arc into the chute. Instead, sandwich type arc chute plates are employed in 
which an iron sucker-loop is moulded between plates of refractory material. 
In addition, the arc chute is so constructed that the arc moves initially in a 
very restricted tunnel. The slots in the arc chutes are inclined in alternate 
directions throughout the arc chute and as the arc rises in the chute the 
slots force the arc column into a zig-zag path of ever increasing length until 
the top of the slots is reached at which point further bowing of the arc takes 
place between adjacent arc chute plates beyond the ends of the slots. The 
zig-zagging of the arc, as described, is illustrated diagrammatically in 
Fig. 9-20. 


wvw^ 


wvwH 


Kaaaa/H 



Fig. 9-20. — Showing how the arc is lengthened in alternately inclined slots in 
the arc chute (A. Reyrolle & Co. Ltd. 


The development of this range of air-break circuit-breakers has been 
reported recently in an I.E.E. paper (see bibliography) and the principles 
and theory of the contact system and arc chute designs briefly outlined here 
are very fully described and discussed in that paper. Fig. 9-21 shows an 
1 1 kV, 500 MVA circuit-breaker withdrawn from its housing and with the 
arc chutes raised to show the contact system. 

A cross-sectional view of a complete air- break switchgear unit as 
developed by The English Electric Co. Ltd., is noted later in Chapter X 
(Fig. 10-19), the circuit-breaker in that unit being 6*6 kV 350 MVA rating. 
The contact system employed in this breaker is shown in more detail in 
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Fig, 9-21. — II feV, 500 MVA axr-break circuit ■‘breaker withdrawn from its 
housing and with arc chutes raised, (A Reyrolle & Co. Ltd.), 

Figs. 9-22 and 9-23, and employs main, intermediate and arcing contacts 
so arranged that on opening, the main contacts open first, quickly followed 
by the intermediate arcing contacts and then, about fifteen milliseconds 
later, the arc contacts open This ensures that an adequate gap has been 
established between the open main contacts by the time the arc contacts 
part, thus eliminating the possibility of an arc restriking across the main 
contacts. By suitable design, the arcing, intermediate and main contacts 
close virtually together when closing a circuit-breaker and thus the main 
contacts, having pre-loaded high-pressure springs, are up to full pressure a 
short distance up the first major loop of short-circuit current when the 
breaker is called upon to close on to a fault. 

The arc chute design employs magnetic arc control utilising blow-out 
coils and magnets to assist in rapid arc extinction Provision is also made to 
force jets of air on to the arc, primarily for assisting in driving the arc into 
the chute when the current to be interrupted is relatively low and below 
that which makes the blow-out coils most effective These puffs of air also 
scavenge the arc contact gap to prevent restrikmg. 

At the hinge point of the moving contact arm, current is transferred via 
annular silver rings held in contact by compression springs within the hinge 
and assisted during short-circuit conditions by the electro-magnetic grip 
effect of the fault current. 

Fig. 9-24 shows the rear of the 6*6 kV arcuit- breaker on its withdrawal 
truck from which will be noted the arc chute structures and above them 
the exhaust vents. 
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Fig. 9-22, — Contact system in open position with arc chutes removed. (The 
English Electric Co. Ltd.). 


Fig. 9-23. — Contact system in closed position, with arc chutes removed. 
(The English Electric Co. Ltd.). 
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Fig 9-24 — Rear view of 6-6 feV, 350 MVA air-break circuit-breaker on 
truck withdrawn from housing (The English Electric Co Ltd ). 


The range of air-break circuit-breaker designs of The Enghsh Electric 
Co cover voltages of 3 3 to ii kV, with breaking capacities of 150 MVA 
to 500 MVA 
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CHAPTER X 

HIGH-VOLTAGE A.C INDOOR SWITCHGEAR 

High-voltage switchgear for use indoors usually takes one of the following 
forms: 

(a) The air-insulated stationary cubicle type, in which all the com- 
ponent items occupy fixed positions. 

(b) The air-insulated truck type, in which certain component items 
are carried on a movable carriage. 

(c) The compound-filled type, which is often not very different from 
designs under (b) but has the busbars and certain connections 
immersed in compound and the instrument current transformers 
immersed either in compound or oil. 

(d) Fuse-switch and ring main units. 

Each of the types outlined has advantages and disadvantages. For 
example, in (a) and (b) all the component items are easy of access, whereas 
in (c) the immersion of certain items may make access difficult. 

On the other hand, filling of busbar and other chambers in type (c) 
makes for greater operational reliability, reducing the possibilities oiF 
flashover despite smaller electrical clearances. As to cost, this is roughly in 
the order (a), (b), (c), with (a) the lowest, although this may not always 
be so, particularly if elaborate interlocks are required. 

{a^ AIR-INSULATED STATIONARY CUBICLES 

At one time the most popular form of stationary cubicle was that in 
which the housing for the component apparatus was built of moulded stone 
slabs. This type, shown typically in Fig. lo-i, has the advantage of giving 
maximum access to the apparatus, but it takes up considerable space in all 
directions and cannot be factory assembled. Usual practice is for the slabs 
to be pre-cast, all holes necessary for the support of apparatus being cored 
in the slabs. Considerable accuracy is necessary in this process as errors 
are not easy to rectify. Assembly of the slabs on site is a specialist's job, 
and breakage of slabs means delay in obtaining replacements. 

The concrete mixture used for this type of housing should be strong 
enough for its purpose without reinforcement, and should comply with 
B.S. 268. 

Phase separation is usually arranged throughout and the stoile walls are 
regarded as being at earth potential, full clearances being maintained 
accordingly. In order to obtain phase separation in the isolator chambers, 
the isolating switches are of the single pole type arranged for hand operation 
by means of an insulated rod. 

Today, stone cubicles rarely find favour if only because of the space 
they occupy. If switchgear of the stationary type is preferred, it is usual 
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to install a sheet steel type based on a bolted or welded structure, an example 
being shown in Fig. 10-2. Doors to give access to the apparatus may be 
arranged either at the back or the front or both, double access being prefer- 
able as it allows easier maintenance and a better disposition of the apparatus. 
Each cubicle in the switchboard is self-contained. 

In Fig. 10-2 no isolating switches are included on the cable side of the 
oil circuit-breaker. In many instances (see Chapter XIII) these are necessary 
and it is easy to see that to introduce them involves complication. 

In its simplest form, no interlocks are provided between the circuit- 
breaker and the isolating devices or between these and the cubicle doors. 
Such gear is a very real danger except in the hands of highly skilled tech- 
nicians with a full appreciation of the risks involved. To eliminate the 
danger means a complicated and expensive system of mechanical or 
electrical interlocks. Mechanical interlocks are not difficult to defeat and 
may therefore give a false sense of security, while electrical interlocks require 
a separate source of supply. 
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Fig. 10-2 . — Steel cubicle type switchboard with duplicate 
busbars and off-load selectors. 
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In general, fixed cubicle types of gear are limited to ii kV — or 33 kV 
in special circumstances — while it is not usual to contemplate breaking 
capacities in excess of 500 MVA, owing to the very large housing which 
would be necessary and to other difficulties. 

Because of the many disadvantages outlined, and the relatively few 
advantages, the inclusion of these types in this chapter may be regarded as 
of historical interest, as present tendencies are towards the use of other types 

(b) AIR-INSULATED TRUCK TYPES 

As indicated earlier, this is a type in which certain component items 
are mounted on a carriage which can be moved, and, in so doing, perform 
the function of isolating those components and at the same time making 
them accessible for inspection and maintenance. This principle is, of 
course, applied also in some of the gear to be described later under (c), 
but here we are concerned with gear which is of the air-insulated type. 



Fig. 10-3 — Draw-out truck type metalclad gear with end covers removed 



Fig. 10-4. — Typical vertical isolation unit with air-insulated busbars (Johnson & Phillips Ltd,), 
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Fig. 10-5. — Circuit-breaker raised from its oil lank for contact inspection 
{Johnson & Phillips Ltd.). 


HIGH-VOLTAGE A*C. INDOOR SWITCHGEAR 


279 


Probably the earliest form of withdrawable sy^itchgear was that whiqh 
first introduced the designation * 'truck type'*. An example of this typ^ is 
shown in Fig. to- 3, and it is interesting to recall that original designs were 
built some forty years ago. Its popularity was due to the fact that, with 
the carriage withdrawn, particularly easy access is given to the major items 
of apparatus, i.c., the circuit-breaker, current and voltage transformers, 
isolating finger contacts, panel wiring, etc. 

In the withdrawn position, full isolation is automatically provided, the 
isolators comprising a system of self-aligning wedge and finger contacts of 
the line pressure type. Mechanical interlocking ensures that the moving 
carriage can only be withdrawn or replaced with the circuit-breaker open, 
there being no danger of breaking load current on the isolating devices. 
Secondary connections from current and voltage transformers are also 
isolated at auxiliary plug and socket contacts on withdrawal of the carriage. 

Automatic shutters are provided in the fixed housing which, with the 
carriage withdrawn, cover the orifices through which the moving portion 
of the isolators pass. This ensures that inadvertent contact with live parts 
is avoided, and either or both sets of shutters can be locked when closed to 
prevent access by unauthorised or uninformed personnel. The shutters 
are in the open position in Fig. 10-3 and the roller mechanism for operating 
them is carried at the top of the moving structure. 

On circuits where it is necessary to include a voltage transformer, this 
would be carried on the wheeled base of the truck and would thus be with- 
drawn and isolated along with the circuit-breaker. 

This type of unit requires fairly considerable space in front in order to 
fully withdraw the carriage and, on occasion, remove it completely and for 
this and other reasons, the modern version, while retaining the principle 
of a moving carriage, is arranged so that the function of isolating is by 
vertical movement, i.e. the circuit-breaker is lowered* to floor level. In most 
cases this is all that will be required but for maintenance purposes, the 
lowered circuit-breaker can then be wheeled forward, all as shown in Fig. 
10-4. With the breaker thus removed, it is possible (a) to raise the circuit- 
breaker clear of the oil tank for examination, maintenance or contact 
replacement as shown in Fig. 10-5 or (b) fit a portable one-piece earthing 
device as shown in Fig. 10-6 for the purpose of earthing the cable prior to 
working on it. 

In this design, the moving carriage carries only the circuit-breaker, the 
instrument transformers, instruments, relays and other components being 
mounted on or in the fixed housing. 

Raising or lowering of the circuit-breaker may be achieved by various 
means, some designs employing a jacking arrangement while in others two 
jack screws are operated by a handle at the front of the unit, the circuit- 
breaker being supported on two side arms and riding up or down on runners. 

As in the original truck type of gear, shutters automatically cover the 
fixed isolating contacts when the carriage is lowered and both shutters 
(busbar and cable) can be locked closed independently as may be required. 
When cable earthing is being undertaken, only the busbar shuttei would be 
locked closed as the earthing plugs must enter the sockets on the cable side. 
A typical set of shutters is shown in Fig. 10-7. 

*As we shall note latere one version functions to raise the circuit-breaker. 
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THE SIMPLE MOVEMENT ILLUSTRATED ON THE 



Fig 10-6 -Circmt^breaker fitted uith a portable one-piece earthing device 

(Johnson & Phillips Ltd ) 
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Fig, 10-7. — Busbar and cable isolating spout shutters, showing the position 
of the padlocks (Johnson & Phillips Ltd ). 


A simple one-piece device enables the cables or busbars to be earthed 
through the circuit-breaker This device is attached to the isolated 
terminals of the breaker by means of plugged contacts, and is drawn down 
to full contact position by side handle levers onto the breaker frame. The 
circuit-breaker is then raised to the earthing position and when closed earths 
the required circuit. 

It is obviously necessary when isolating the primary circuit by lowering 
the circuit-breaker carriage, to similarly isolate all secondary circuits to 
instruments, relays, etc. and for this purpose, secondary plugs and sockets 
are carried on the moving and fixed elements of the unit. Those used in the 
unit described are shown in Figs. 10-8 and 10-9, the latter illustration also 
showing how access is obtained to the rear of the instrument or relay panel. 

In this design, current transformers are accommodated in the main fixed 
housing immediately above the cable boxes (see Fig. 10-4) while if a 
voltage transformer is required, this is mounted on top of the fixed housing 
and is separately withdrawable on rails. This transformer can be withdrawn 
without need to interrupt the primary circuit but when withdrawn, auto- 
matic shutters cover the isolating orifices for safety. A further interlock 
ensures that access to the interior of the transformer tank is only possible 
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Fig. 10-8. — Secondary plugs and sockets in isolated position 
'Johnson & Phillips Ltd.). 
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Fig. 10-9. — A typical method of wiring for instrument panels. The busbar 
inspection cover shown on the right at the back of the panel can be removed 
{Johnson & Phillips Ltd.). 


in the withdrawn position. Such access is necessary if primary fuse replace- 
ment is required as these fuses are below oil level in the transformer tank. 

The unit shown in Fig. 10-4 is of the single busbar type but can be 
arranged for duplicate busbars when required. The method used is that of 
transferring the circuit-breaker as discussed later in Chapter XIII and 
illustrated diagrammatically in Fig. 1 3-21 . A switchboard having a duplicate 
busbar system is shown in Fig. 10- 10 and here it will be noted that the four 
units on the left centre show the moving carriage within the fixed housing 
to a greater depth than in the remaining units. This illustrates that certain 
units are plugged-in to one (rear) set of busbars and others in the forward 
position are plugged-in to the other (front) set of busbars. 

We shall also note in Chapter XIII, Fig. 13-2, how certain pre^utions 
may be taken against fire risks by accommodating a bus sectionalising unit 
within fire dividing walls. Such an arrangement is illustrated in Fi^. lo-u 
where two section switches are employed and each is housed in its own 
brick cell. 
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Fig. 10- 10. — Switchboard of vertical isolation units with duplicate busbars 
(Johnson & Phillips Ltd, and by courtesy of the National Coal Board). 


In the type of gear under review, as with other types yet to be noted, 
interlocking for safety is an important feature and, as opposed to the fixed 
stone or steel cubicle types, such interlocking is achieved relatively easily. 
The interlocks normally provided are: 

(1) The circuit-breaker must be in the open position before it can be 
lowered on its carriage to isolate. 

(2) Conversely, it must not be possible to raise the circuit-breaker 
into the plugged-in position with its contacts closed. 

(3) The circuit-breaker cannot be plugged-in unless its oil tank is 
correctly secured to the top plate. 

(4) Closing of the circuit-breaker must only be possible in the fully 
plugged-in or fully isolated positions or, when fitted with means 
for earthing either the cable or the busbars, in the correct location 
for this function. 

In the designs so far illustrated, the circuit-breaker operating mechanism 
is clearly visible at all times. In other designs, of which Fig. 10-12 is an 
example, the complete moving carriage with the circuit-breaker operating 
mechanism is normally ‘‘masked'* from view by a door which has an observa- 
tion window for an on-off indicator. 
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Fig. io-ii. — 22-panel switchboard composed of vertical isolation units and 
including two bus section switches within fire walls (Johnson & Phillips Ltd. 
and by courtesy of the B.T.C. British Railways). 


In passing it is of interest to note that much of the insulation used in 
the unit shown in Fig. 10-12 is of epoxy resin. This applies to the circuit- 
breaker bushings, busbars, and the current transformers, the latter being 
encapsulated in the material. The problems associated with casting in epoxy 
resins of bushings etc. are noted in an I.E.E. paper No. 2835 S (see biblio- 
graphy) and later in this chapter we shall note in particular an example 
where a cranked rotatable bushing is used, cast in epoxy resin. 

In the design shown in Fig. 10-12, and in that in Fig. 10-13, the secondary 
connections between the fixed and moving positions are carried in a flexible 
tube terminating in plug and socket contacts. 

It has been noted on page 279 that in one design of vertical isolation, 
the circuit-breaker is raised to isolate the circuit instead of being lowered. 
This is known as ‘‘inverted vertical isolation'* and the principle is used in a 
range which includes both indoor and outdoor types. An outdoor unit is 
shown in cross-section in Fig. 10-14 from which it is seen that in the normal 
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Fig. 10-12. — Vertical isolation unit with side panels removed showing fully 
insulated busbars etc., and with the front door open 
(The General Electric Co. Ltd.). 
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Fig 10-14 — Cross-sectional view of an inverted vertical isolation unit for 
outdoor service {Yorkshire Switchgear and Engineering Co Ltd ) 
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service position the circuit-breaker is at near-ground level with the cable 
and busbar isolating plugs and sockets immediately behind. In this position, 
the elevating screws hold the circuit-breaker firm against the base of the 
carnage at floor level, thereby reducing the stress on the tank bolts and on 
the isolating plug system due to the shock of operation during short-circuit 
clearance. To isolate, the circuit-breaker, along with the upper chamber 
housing current and voltage transformers, is raised vertically by means of 
the elevating screws which are operated from an external (detachable) handle. 
In the isolated position, the moving portion can be drawn forward from the 
cable and busbar components in the fixed portion, as shown in Fig. 10-15. 



Fig. 10-15 — Outdoor type inverted vertical isolation unit in raised and 
withdrawn position Also seen is a load-breaking fault-making oil switch in its 
raised (isolated) position (Yorkshire Switchgear and Engineering Co. Ltd.). 


Safety shutters automatically cover the cable and busbar orifices with the 
unit in this position. 

In the indoor version no change in principle is involved but the weather- 
proof hood is omitted and the instrument and relay panel is external, as 
shown in Fig. 10-16, an illustration which shows clearly the circuit-breaker 
at floor level in the service position. 
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Fig. 10- 1 6. — Indoor type switchboard of inverted vertical isolation units 
{Yorkshire Switchgear and Engineering Co. Ltd.). 

The outdoor version of this design will be noted in further detail in 
Chapter XVIIL 

So far the units illustrated and discussed have been those in which oil 
circuit-breakers are used but in Chapter IX we have noted the existence 
of a number of air-break circuit-breakers in the voltage range 3 300 to 
1 1 000 volts. Much of the development in this direction has been associated 
with gear for the control of plant and distribution systems where concen- 
tration of power is high, such as for power station auxiliaries and steel 
works supplies. The normal current ratings for this class of gear are of the 
order i 200/3 000 amperes and this, coupled with the naturally large arc 
chute system for these relatively high voltages (in terms of air-break) leads 
to switchgear units which are much larger than those noted earlier. 

The principle of horizontal isolation and withdrawal has been maintained 
in these designs and externally at least one design is not dissimilar in 
appearance to its counterpart utilising an oil circuit-breaker. This is a 
design by The General Electric Co. Ltd. and a typical switchboard of 
3 300 volt units shown in Fig. 10-17 can be compared with an earlier 
illustration Fig. 10-13. 

A cross-sectional view of a complete unit is shown in Fig. 10-18 from 
which it will be seen that two integral earthing switches are included in 
the design, one for earthing the outgoing cable, the other for earthing the 
busbars, and each individually operated by handles accessible only when the 
truck is partially withdrawn. Earthing is completed through the circuit- 
breaker. 
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Fig 10-17 — Horizontal draw-out switchboard 3*3 feV employing air-break 
Li 7 cult -breakers One breaker partly withdrawn with door open 
(The General Electric Co. Ltd.). 


In this design, unlike those noted earlier where oil circuit-breakers are 
employed, it is not necessary to move the breaker carriage to isolate. Instead 
this function is performed by means of retractable contact assemblies which 
slide into and out of contact with the fixed busbar and feeder connections 
in the housing. These contacts can be seen in Fig. 10-18 in the separate 
compartment immediately above the air-insulated busbar chamber and 
operation is by means of an external handle. Interlocks ensure that one or 
other of the earthing switches can only be closed if the associated set of 
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Fig 10-20 — View of interlock gate on a double-busbar unit showing operating 
lever inserted and isolating the reserve busbars (The English Electric Co Ltd ) 


isolating contacts is in the fully retracted position and closing of an earth 
switch automatically locks them in this position but perimtting the other 
set to be closed 
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The English Electric range of units employing h.v, air-break circuit- 
breakers indudes 3-3, 6*6 and ii kV. A design for ii kV is shown in 
Fig. 10-19. 

Here again the dreuit-breaker can be isolated without withdrawal of Ae 
breaker carriage, two banks of three retractable bridge contacts being 
arranged to slide horizontally to join or disconnect the breaker and the 
fixed elements in the housing. These contacts, given the trade name of 
**Isolectors'',* are operated through an interlocked gate at the front of the 
unit by a removable handle, each set being capable of individual operation 
as required in conjunction with the appropriate earthing switch. This 
interlocked gate, shown in Fig. 10-20, requires only that the operator should 
select the operation required, insert the handle in the appropriate position 
and complete the operation. The rotatable trip knob in this illustration 
must be pushed in and rotated initially to ensure that the circuit-breaker 
is tripped and cannot be closed until the selected operation is completed. 
When rotated, this knob operates an interlocking plate which slides to 
uncover the socket of the facility required, all other sockets being covered. 
Above the gate is a mechanically operated position indicator in the form of a 
mimic diagram to show the state of the circuit at any time. 

The retractable contacts in this design are seen clearly in Fig 10-19 and 
in more detail in Figs. 10-21 and 10-22. When arranged for duplicate 
busbars, a further set of 'Isolector'' contacts is necessary and the choice 
of busbar to which the circuit is connected is made at the gate. 



Fig. 10-21. — Close-up of sliding isolating contacts at rear of circuit-breaker. 
Both sets in **made* position (The English Electric Co. Ltd.) 

•**English Electric** patent. 
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Fig, 10-22. — Close-up of sliding isolating contacts at rear of circuit-breaker 
Cable contacts in ''made* position and busbar contacts in "isolated** position 
(The English Electric Co. Ltd.). 

Fig. 10-23 shows a switchboard of 3-3 kV air-break circuit-breaker units 
as manufactured by A. Reyrolle and Co. Ltd. As in other designs of lugh- 
voltage air-break switchgear, integral means are provided for earthing either 
the cable or the busbars. In those for 3-3 kV and for 250 MVA at 6-6 kV, 
the isolating contacts on the carriage and fixed housing are linked by hinged 
blades which can be swung through 90 degrees to take up positions for 
engagement with additional contacts connected to an earth bar. The 
principle of this operation is shown in Fig. 10-24 10-25 is shown 

the rear view of a circuit-breaker unit on its carriage with the upper set of 
hinged blades swung down as required for busbar earthing, i.e. as shown at 
(b) in Fig. 10-24. 

The locking-off doors shown in this illustration are earthed metal 
shutters which automatically cover the busbar and feeder fixed contact 
orifices when the circuit-breaker is withdrawn and both sets of doors can 
be padlocked closed. \Vhen it is required to earth one side or other of Ae 
circuit, the action of changing over the hinged blades to the earthing position 
automatically immobilises the drive to the associated locking-off doors. 
The other set can be left padlocked closed. A full set of interlocks ensures 
that the function of eartWng can only be completed in a correct and safe 
sequence. 
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Fig 10-23 Poxier station switchboard 0/33 kV air break circuit breaker 
units (A Reyrolle & Co Ltd ) 

In designs for 1 1 kV and for 500 MVA at 6 6 kV, earthing is achieved 
by means of cranked rotatable bushings, the cranked conductors being cast 
in epoxy resin as shown in Fig 10-26 

How this bushing is turned through 180° to make contact with separate 
earthing contacts is shown in Chapter IX from a study of Fig 9-18, this 
latter illustration showing a complete cross- section of a 500 MVA unit 
It shows, incidentally, the considerable use of cast epoxy resin in this unit, 
including not only all those parts which are cross-hatched but also the 
voltage-transformer orifice connector, the voltage- transformer windings, the 
cable-box bushing and the busbar orifice connector This design has been 
considered in some detail in the I E E paper No 2835 S referred to in the 
bibliography 

(c) COMPOUND-FILLED TYPE 

No design of switchgear is more essentially British in conception and 
design than the type known as * ‘compound-filled'* It was in the year 1906 
that it was first introduced by Messrs A Reyrolle & Co Ltd , and it is 
interesting to note that, while many improvements in detail have been made, 
the essentials of the earliest designs are still to be noted Today nearly 
all British switchgear makers produce gear of this type in one form or 
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another, the range extending to higher voltages tha^ the air-insulated types* 

In contrast, Continental practice is along the line of open type gekr 
arranged on two, three or even four floors. This may be due to the fact 
that the greater use of the indoor air-blast and expansion t3rpes of circuit- 
breaker on the Continent does not lend itself readily to metalclad designs. 
In America, there are designs which approximate very closely to British 
designs, but, in general, the use of compound-filled gear is by no means as 
extensive. 

There are a number of reasons why this type appeals to British and 
Commonwealth users. Some of these apply equally to the air-insulated 
types described in the preceding section, e.g., the readiness with which 
safeguarding interlocks may be applied leading to greater safety. Others 
are peculiar to the compound-filled types, as for example, saving in space. 
This naturally varies with the rating of the equipment, and as the voltage 
and breaking capacity increase so is the saving in space greater. 

At 33 kV, the usual upper limit for indoor gear, the height of a stone 
cell may be twice that of filled gear, and take up to four times the cubic 
space. This is in a large degree due to the difference in clearances necessary 
at 33 kV in air and in compound, the figures being; — 

In air In compound 

To earth .. .. .. 8-75 in. 2*5 in. 

Between phases . . . . 14-0 in. 3*5 in. 

Busbar faults in compound-filled gear are less likely, firstly because the 
filling acts as an additional support to the busbars, and secondly because it 
excludes the possibility of contamination by dust or pollution and the 
intrusion of vermin. 

As with other things, the type has some disadvantages, first of which is 
that access to some component items is not always easy in case of trouble, 
e.g., if the current transformers are in a compound-filled chamber. Secondly, 
there is a thermal problem with heavy current busbars when compound- 
filled, and thirdly, the cost is usually greater than that of other types. 

Compound-filled switchgear comprises a fixed portion and a moving 
carriage, generally as described for other types; but, whereas in other types 
there is considerable similarity as between one make and another, there are 
variations in the compound-filled design. 

As typical of a major variation, Figs. 10-27 10-28 may be noted. 

The former is an example of a type employing vertical isolation, while the 
latter is an example of a horizontal draw-out type. 

It will be of interest to consider various design aspects under the following 
sub-headings: 

(1) Horizontal or vertical isolation 

(2) Methods of busbar selection in duplicate busbar designs 

(3) Busbars 

(4) Interlocking safeguards 

(5) Current transformer enclosures 

(6) Voltage transformer problems 

(7) Miscellaneous . 
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(b) 

SHOWING HINGED BLADE CONTACTS IN POSITION FOR BUSBAR EARTHING. 

CABLE ISOLATING ORIFICE CLOSED BY LOCKING-OFF DOOR 
NOTE. TO EARTH THE CIRCUIT CABLE. HINGED BLADE B WILL BE R/WSED THROUGH 
90° TO VERTICAL POSITION AND HINGED BLADE A WILL REVERT TO ITS SERVICE 
POSITION. FOR THIS OPERATION, THE BUSBAR ISOLATING ORIFICE WILL BE CLOSED 
BY ITS LOCKING-OFF DOOR 

Fig. 10-24. — Schematic diagram showing a part section of an air-breaker 
circuit-breaker unit with hinged blades for busbar or cable earthir^ (A. Reyrolle 

& Co. Ltd.). 
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LEGEND. Rg. 10-24. ^ 

A HINGED BLADE CONTACT FOR BUSBAR EARTHING 
B HINGED BLADE CONTACT FOR CIRCUIT EARTHING 
C CIRCUIT-BREAKER (IN OPEN POSITION BUT PLUGGED-IN) 
D OPERATING RODS FOR A AND B 
E EARTH CONTACTS AND BAR 
G MOVING MAIN AND ARCING CONTACTS 
F FIXED MAIN AND ARCING CONTACTS 
H ISOLATING CONTACTS 
J LOCKING-OFF DOORS 

SECONDARY CONTACTS 
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Fig. 10-26. — Cranked circuit'breaker bushing in epoxy resin 
(A. Reyrolle & Co. Ltd.). 


(i) Horizontal or vertical isolation 

From time to time many arguments have been advanced favouring one 
of these forms of isolation against the other. Some of the arguments have 
had little justification in fact, but on the other hand, advantages do exist 
with both types. As will be seen from Fig. 10-27, vertical isolation is achieved 
by winding down the circuit- breaker carriage exactly as described earlier for 
the equivalent air-insulated type. In the horizontal type, Fig. 10-28, isolation 
is achieved by racking out the circuit-breaker along the two side frames. 
On the latter are fixed toothed racks, while on the carriage there are pinions 
which engage the racks. With the latter type it is claimed that less manual 
effort is required and that interlocking is simpler. It is perhaps also an 
advantage that the dead weight of the circuit-breaker is taken by the side 
frames. Further it may be necessary with large vertical isolation gear 
(e.g., 33 kV) to provide a motor operated winding gear as the weight becomes 
too much for hand manipulation, whereas hand racking is still possible on 
horizontal types. Against this must be set the fact that to remove the tank 
from the circuit-breaker, or to remove the complete breaker from the side 
frames, requires the use of some form of transporter, whereas in the vertical 
arrangement no such ancillary gear is required. 

In the horizontal types, the use of compound-filled hoods immediately 
above the circuit-breaker becomes necessary to enable a right angle con- 
nection to be made between the circuit-breaker and the primary isolating 
devices. These hoods can be seen in Fig. 10-28. In the vertical isolation 
type, standard terminal arrangements on the circuit-breakers are used, 
reducing the length of connections and eliminating the possibility of com- 
pound leakage into the circuit-breaker. It is also claimed that vertical 
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Fig. 10-27. — Typical compound-filled, vertical isolation unit, ii kV 
(Johnson & Phillips Ltd.). 
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Fig. 10-28. — Typical compound-filled, horizontal isolation unit, 11 kV 
(A. Reyrolle & Co. Ltd.). 


isolation with its vertical spout insulators reduces the danger of flash over 
due to dust, as dust does not tend to collect on vertical surfaces to the extent 
that it does on horizontal ones. 

The location of the busbars in the two types is another variant. In the 
vertical isolation type, they are carried in separate compound-filled chambers 
immediately above the circuit-breaker. In the horizontal type, they are 
placed at the rear of the supporting frames relatively remote from the 
circuit-breaker. It is sometimes argued that in the vertical isolation arrange- 
ment there is danger in that if disaster overtakes the circuit-breaker, it is 
readily communicated, mechanically, to the busbars, whereas this possibility 
is not so likely with horizontal isolation. On the other hand, with horizontal 
isolation, duplicate busbars have to be placed, in their separate chambers, 
one above the other, so that removal of a section of the lower busbars 
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1 PLUG-IN TYPE VOLTAGE TRANSFORMER 

2 FRONT BUSBARS 

3 INSTRUMENT AND RELAY PANEL 

4 SECONDARY PLUGS AND SOCKETS 

5 D.C CONTACTOR FOR SOLENOID OPERATED CIRCUIT-BREAKERS ONLY 

6 PRIMARY CIRCUIT ISOLATING DEVICES 

7 CURRENT TRANSFORMER 

8 REAR BUSBARS 



Fig. 10-29. — Cross-section of typical vertical isolation compound-filled, 
duplicate busbar switchgear unit (Johnson & Phillips Ltd.). 
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involves removal first of an upper section. With vertical isolation this does 
not arise, as the two sets of busbars can be placed at the same level one 
beside the other (see Fig. 10-29). 

(2) Methods of busbar selection 

Probably because compound-filled switchgear has been developed for 
the higher values of voltage and breaking capacity, where system operational 
conditions more often require the facility of duplicate busbars, many 
variations of design have been produced whereby selection of the busbar 
in use can be made. 

Most of these will be noted in Chapter XIII but in the vertical isolation 
type, the most popular form is the transfer breaker scheme where the 
circuit-breaker is isolated (by lowering) from one set of busbars, moved 
bodily to another position and then raised to be reconnected to the other 
sets of busbars. This method has been noted also in the air-insulated types 
but is seen in more detail in Fig. 10-29. R is of course only suitable for 
“off-load"’ selection and other means have to be adopted if “on-load” selection 
is required. It is a method too which cannot economically be adapted to 
horizontal isolation types, and in the latter, one or other of the various forms 
of selection as indicated in Chapter XIII will be employed. 

(3) Busbars 

Careful design and factory assembly is an essential feature when busbars 
are destined to be solidly encased in compound. It is often necessary to use 
lower current densities than in air-insulated designs to avoid excessive 
temperature rises and, unless a user is very sure of his facts, it is unwise 
of him to specify densities or sections or both, these being left to the designer, 
the user stating only the current rating he requires. 

Current densities will vary with designs but in general figures such as 
the following represent a fair average: — 

Up to 800 amperes . . . . . . . . 800 amperes per sq. inch 

»» M 1,200 ,, . • . * . . . . 600 ,, ,, ,, ,, 

M M 1,600 ,, 450 „ „ „ „ 

„ „ 2,000 ,, 400 „ „ „ „ 

In considering these figures it should be noted that up to 2,000 amperes 

the busbars usually take the form of solid copper bars narrow in width and 

increasing in breadth with increase of current. For higher ratings special 
designs become necessary involving sub-divided busbars or bars forming a 
hollow square or equal formation. In this connection reference may be 
made to Fig. 14-2 in Chapter XIV. The use of compound as a filling 
medium excludes air from the chamber and permits reduced electrical 
clearances. It gives additional support for busbars against the forces of 
short-circuit, but unfortunately compound is a thermal insulator. Excessive 
temperatures must be avoided and careful tests taken to check the design 
in this respect. As the bars are inaccessible, thermo-couples are used to 
obtain temperature measurements. 

Apart from heating, the designer must bear in mind that placing phase 
busbars close together increases the losses due to proximity effect but if 
they are placed well apart a greater volume of compound is needed, thereby 
reducing thermal capacitance and increasing the ultimate temperature. 
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Wherever possible the busbars should be placed p close to the surround- 
ing casing as possible as this is the ideal arrangement for heat dissipation, 
and in some designs chambers are specially shaped to maintain closeness to 
the busbar formation. 

A typical busbar chamber before compounding is shown in Fig. 10-30, 
while a complete chamber is shown at Fig. 10-31. 

The process of filling a busbar chamber is one which demands con- 
siderable care and cleanliness. There must be no possibility that extraneous 
items are concealed within the chamber, as obviously this can lead to disaster 
later. In filling, the formation of gas bubbles due to over-hot compound 
must be avoided, air must not be trapped to form pockets, and an expansion 
space must be left above the compound. The chamber is usually heated 
prior to filling. 

It is an inherent feature in all designs of compound-filled switchgear 
that joints between unit sections of busbars have to be made on site. This 
involves the use of joint rings or muffs fitted after the busbar joint plates 
have been bolted in position. The ring or muff is then filled with compound. 
In Fig. 10-31 can be seen a rim which takes the muff for the purpose 
described above. 

Copper joint pieces between busbars must be designed to avoid hot-spots 
and be arranged to allow expansion under load conditions. This is usually 
taken care of by the use of flexible joints as noted in Chapter XIV. 



Fig. 10-30. — Typical busbar chamber before filling with compound. The bars 
are insulated with synthetic resin bonded paper except at tee-off connections 
(Johnson & Phillips Ltd.). 
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Fig, 10-31. — Completed compound-filled busbar chamber 
(Johnson & Phillips Ltd.). 


(4) Interlocking safeguards 

The range of interlocks required are, in general, the same as those we 
have discussed earlier for the air-insulated types of gear. 

In designs for the higher voltages (22/33 kV) raising and lowering the 
circuit-breaker by a hand-operated mechanism becomes unwieldy and 
laborious and in one range (Associated Electrical Industries Ltd.) this 
function is performed by two lifting rails actuated by four motor-driven 
lifting screws. 

This feature requires that additional interlocks be fitted (a) to switch 
the motor off automatically at the fully raised or fully lowered positions, 
(b) to switch off the motor if an attempt is made to raise the breaker with 
one or both shutters padlocked closed, (c) to prevent the motor being 
energised when the circuit-breaker is closed and (d) to prevent the motor 
being energised if the emergency hand raising mechanism is in use. 

(5) Current transformer enclosures 

In early designs the use of solid compound as a filling medium was 
extended to current transformer enclosures. Later it was realised that this 
had several disadvantages. 
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Chief among them was the difficulty which occjurred when the need for 
transformers of a new ratio arose. An increase in circuit capacity can gi^ 
rise to this condition and while the primary conductors and the circuit- 
breakers are often of ample capacity to cover the increase, the current 
transformers must be changed. It is a tedious and difficult operation to 
remove them if they are embedded in compound and present-day practice 
provides for oil-filled current transformer chambers. 

Owing to the space saving features of compound-filled type switchgear, 
accommodation for a large number of current transformers is not always 
possible, particularly on smaller units. Where possible, ring (bar primary) 
transformers are used and two or even three of these may be mounted on a 
common primary bar within a small space. A typical arrangement of this 
is illustrated in Fig. 10-32. 



Fig. 10-32 — Unfilled current transformer chamber for compound-filled 
switchgear unit (Johnson & Phillips Ltd,). 


(6) Voltage transformer problems 

Perhaps the most awkward item to accommodate in any type of switchgear 
is a voltage transformer. This is particularly so where busbar transformers 
are required, and even more so in the case of duplicate busbar systems. 

In the vertical isolation type of gear busbar voltage transformers can 
be accommodated on the top of the unit but this requires a set of spout 
orifices and sockets on the busbar chamber. A typical example of this 
is shown in Fig. 10-33. 
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Fig. 10-33. — Showing busbar voltage transformer mounted on top of compound^ 
filled unit — transformer withdrawn for fuse renewal (Johnson & Phillips Ltd.), 




V.T 


_J I J I 6 6 I 

Fig. 10-34. — Showing voltage transformer arrangements on the cable side of 
vertical isolation gear and of horizontal isolation gear. 
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In the horizontal type of gear, however, yoltage transformers for 
connection to the busbars usually have to be carrieii on a separate set of side 
frames which serve no other purpose than to carry the transformer and to 
provide means for it being plugged-in to the busbars. With duplicate 
busbars this may mean two separate sets of side frames and two voltage 
transformers, one arranged to plug-in to one set of bars and the other to 
the other set of bars. 

On the other hand voltage transformers which have to be connected 
to the feeder or cable side of the circuit do not present the same difficulties 
and in both types of gear they are usually arranged as shown in Fig. 10-34. 

In one design (General Electric Co. Ltd.) for voltages up to 33 kV, not 
only is vertical isolation used for the circuit-breaker but it is also applied to 
the voltage transformer which, situated behind the circuit-breaker, is 
raised and lowered by means of a hand-operated screw hoist built into the 
side frames. The interior of a unit employing this method is shown in 
Fig. 10-35. 

(7) Miscellaneous 

In the design of metalclad compound-filled switchgear there are a number 
of miscellaneous items similar to those we have noted in the air-insulated 
design. 

For example, secondary plug contacts are necessary to which are 
connected the secondary connections of all current and voltage transformers 
and other auxiliary circuits. In many designs these circuits are automatically 
disconnected at secondary plug contacts and Figs. 10-8 and 10-9 show one 
such design for a vertical isolation unit using circular plugs and sockets of 
the self-aligning type. 

Where such plugs and sockets are used, good contact and alignment 
is a first requirement, bearing in mind that a single poor contact can be the 
cause of valuable protective gear failing to function when most needed. 

In other designs arrangements are made to maintain the secondary 
circuits even though the primary circuit is isolated. This involves the use 
of some form of trailing leads to take up the movement of the circuit- 
breaker when moved from the fully home to the fully isolated position. 
When this procedure is adopted, arrangements are made for the leads to 
be disconnected at a common plug should disconnection be necessary. 
The argument for fixed secondary circuits is that they are not disturbed 
every time the primary circuit is isolated and there is therefore greater 
assurance that good contact has been maintained at these vital points. 

Another miscellaneous item of interest is that where secondary con- 
nections are isolated as described above, it is necessary to provide some form 
of jumper box to enable the secondary connections to be re-connected while 
the primary circuit is disconnected. This is useful for testing protective 
circuits, interlocks and other secondary circuits. 

As in the air-insulated type, busbar, cable, and voltage transformer 
isolating spouts must have automatic inclep>endently operated shutters to 
cover the fixed live connections in these spouts and Fig. 10-7 is typical. In 
one design (English Electric) each shutter is fitted with a separate hand- 
operated mechanism, as shown in Fig. 10-36, which has three positions — 
open, auto, and close. When the handle is in the auto position the normal 
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Fig 10-35 — Interior of vertical' isolation unit with breaker removed to show 
vertical isolation principle applied to voltage transformer The latter is shown 
isolated and the tank lowered {The General Electric Co Ltd ) 


automatic mechanism functions to open or close the shutters In the other 
two positions operation of the shutters is independent of the automatic 
mechanism, but the open and close lever positions are overridden by the 
next racking movement of the circuit-breaker 

Some examples of both vertical and horizontal isolation compound-filled 
switchboards are given in Figs 10-37 to 10-41 
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Fig 10-36 — Busbar orifice shutter setting lever being moved from open to auto 
position (The English Electric Co Ltd ) 
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Fig 10-37 — 9 -panel compound-filled vertical isolation switchboard single 
busbar, with hand and spring-operated closing mechanisms. Up to 11/15 feV 
(Johnson & Phillips Ltd ) 
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Fig 10-38 — 4-panel compound-filled, vertical isolation switchboard, single 
busbar with operator closing circuit-breaker by hand Note the mechanical 
indicator in form of mimic diagram to show the state of the unit Upto iijis kV 
(The English Electric Co Ltd ) 
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Fig. 10-39. — 3~pciTiel compound-filled horizontal isolation switchboard — ii feV 
(A. Reyrolle & Co. Ltd.). 

FUSE-SWITCH AND RING MAIN UNITS 

For a number of years the fuse-switch (or switch and fuse) has existed 
in various forms, some with and some without three phase tripping. The 
use of similar switchgear for the control of certain circuits where the use of 
an oil circuit- breaker is costly in relation to the importance of the circuit 
to be controlled is now well-established. Earlier designs were generally of 
an outdoor type and found greatest application in controlling rural trans- 
formers or lines but later developments both in Britain and America have 
been in the direction of indoor types, and attention was focused on such 
developments in two I.E.E. papers’** in which the greater use of the load- 
breaking oil switch coupled with h.v. h.r.c. fuses was advocated. The 
development has been coupled with the use of the now well-known tripping 
fuse which operates to trip out the load-breaking switch when only one fuse 
functions. 

Although the paper by Wood, as its title implies, deals extensively 
with low-voltage systems, consideration is also given to the means of 
protecting and switching h.v. circuits, particularly transformers. The 
following extract is important in relation to our consideration. 

•See Bibliography papers by (i) B. Wood and (2) K, Dannenberg and Professor W. J, John, 
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Fig. 10-40. — 33 feV compound-filled, vertical isolation switchboard. Note the 
roller shutter which masks the circuit-breaker carriage operating mechanism 
etc. to give clean frontal appearance (The General Electric Co. Ltd.). 


3 



Fig. 10-41. — 4-panel compound-filled horizontal isolation switchboard with 
duplicate busbars — 22 kV (A. Reyrolle & Co. Ltd ) 


*‘The protection of transformers operating in parallel is normally 
assumed to involve relays. It is considered however that the distribution 
centre can be adequately protected against faults entirely by fuses, 
namely a high-voltage fuse and the low-voltage fuses already referred to 

'‘The high-voltage fuse must be chosen to give discrimination over 
the low-voltage fuses under all circumstances, and must be of adequate 
rupturing capacity in accordance with the fault duty on the high-voltage 
system. 

“Oil or tetrachloride quenched designs are available but the sand- 
filled design is preferable. 

“A manually operated isolator on the h.v. side capable of breaking 
magnetising current is also necessary. The fuses can be combined 
with the h.v. isolator to give automatic three phase isolation on single 
phase faults and, if desired, the low-voltage isolator could also be 
intertripped.*' 

The second paper, which deals extensively with the design and per- 
formance of h.v. h.r.c. fuses of the tripping type includes the following 
statement. 

“In the load-breaking switch and fuse combination, the switch is 
simple and inexpensive, being relieved of the duty of rupturing short- 
circuit currents, a task now undertaken by the fuse. Also the current 
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through the switch, instead of being the shoft-circuit current, is now 
limited by the melting current of the fuse, and this results in' a 
lightening of the current carrying parts. 

**This simplification is possible because it is easier to embody 
provision for dealing with short-circuits and heavy overloads in a fuse 
rather than in a switch. The switch, dealing only with load switching 
operations and light overloads, can be made as fully automatic as an 
ordinary circuit-breaker. The fuses will embody a striker-pin to ensure 
three phase operation under fault conditions. An application for which 
this combination will be particularly suitable is that of controlling and 
protecting small and medium capacity transformers. Up to about 
1,000 kVA at 1 1 kV, the orthodox oil circuit-breaker is more expensive 
than the transformer which it protects.*' 

The conditions under which the use of h.v. fuse-switches are most 
favourable may well be reviewed. In the first place, it can be stated that 
there can be no intention of superseding the circuit-breaker because in many 
applications the latter is indispensable. Where, however, the system 
conditions indicate fault values of 250 MVA at 6-6 kV or 1 1 kV or 150 MVA 
at 3-3 kV, the cost of a circuit-breaker equipment is expensive for those 
circuits which control auxiliary plant of secondary importance. 

Examples of this are station services, auxiliary transformers, small 
rectifier circuits, etc. The capacity of such circuits may only be small, 
e.g. 50 or 100 kVA, and yet, because of the high level of fault at the switch- 
board, the control apparatus must have a breaking capacity equal to the 
switchboard short-circuit value. Therefore with this type of circuit it is at 
the higher values of breaking capacity that the load-breaking switch with 
fuses is worthwhile and most economical. 

The foregoing implies that (a) the requirements shall be for the simplest 
circuit equipment without expensive relaying or metering, and (b) the design 
must be such as to line up with the normd form of circuit-breaker equipment 
to be used. 

A design of unit to meet this specification is shown in Fig. 10-42. The 
busbars in this arrangement may be air-insulated or compound-filled and 
are located so that the unit can be directly lined up with other types of gear 
as shown in Fig. 10-43. This switchboard incorporates a metalclad circuit- 
breaker on the left, a fuse-switch in the centre and a wing-isolator on the 
right. It can be seen that the dimensions of the fuse-switch unit are such 
that it can be completely replaced by a circuit-breaker unit if and when this 
is desired. 

Examination of Fig. 10-42 shows that the load-breaking oil-switch is 
accommodated in a separate enclosure immediately below the busbar 
chamber, to which access is obtained by removal of a top cover plate D. 
The three blades are coupled to an operating shaft above oil level as seen 
in Fig. 10-44 in turn, is linked to a closing mechanism of the 

free handle type. A shunt trip can be fitted for remote tripping or for 
intertripping with other apparatus; for example the tripping of the circuit- 
breaker on the l.v. side of a power transformer can cause opening of the h.v. 
fuse-switch or, in rectifier circuits, opening of the d.c. breaker can cause 
opening of the fuse-switch. The oil switch, rated for a normal current of 
400 amperes, is capable of breaking this value of current. 




Fig. 10-42. — Fuse-switch unit showing principal components 
(Johnson & Phillips Ltd.). 
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Fig 10-43 — Switchboard with compound-filled busbars comprising circuit- 
breaker unit (left) fuse-switch unit (centre) and an incoming wing isolator (right) 
(Johnson & Phillips Ltd ) 
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Porcelain clad fuses of the h.r.c. type are used as shown in Fig. 10-45. 
They incorporate a striker pin to actuate the opening of the oil switch 
even when only one fuse operates; these fuses lock out on operation to prevent 
reclosure of the switch until a new fuse has been fitted. 

Air insulated fuses are used, the advantages of which are: — 

(1) The fuses can be readily inspected without disconnecting them 
from their normal position. 

(2) The problem of oil leaking into the fuse cartridge does not arise 
and the fuses do not require oil- tight seals. 

(3) The fire hazard is almost non-existent. 

(4) For a given current size and voltage rating the air insulated fuse is 
physically larger than a correspondingly rated oil-immersed fuse 
and therefore has greater internal clearances and a stronger 
mechanical construction. 



Fig. 10-44. — Interior of oil-switch showing blades and contacts. One phase 
barrier removed for clarity (Johnson & Phillips Ltd.). 


A full complement of interlocks makes the unit safe against incorrect 
operation, and, the interlocking mechanism being external (and therefore 
visible), an operator can always observe the operating sequence. So that the 
interlocks cannot be dismantled, and thereby defeated, a welded and 
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riveted construction is adopted. The interlocks prpvided make it impossible 
to: — 

(1) Close the switch with the fuse compartment door open. 

(2) Open the fuse compartment door with the oil switch closed. 

(3) Open the fuse compartment door without first earthing. 

(4) Reclose the switch after any fuse has operated. 

(5) Earth the circuit with the oil switch closed 

(6) Reclose the switch without resetting the time delay device 



Fig. iO“45 — Interior of fuse compartment showing the fuses in position. Beneath 
each fuse can be seen the trip bar which is coupled by means of the vertical rod 
to the oil switch operating mechanism Inset shows the ease of access to the 
fuses for replacement and maintenance. {One phase barrier removed for clarity.) 

(Johnson & Phillips Ltd ). 
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It will be noted that the earthing switch is arranged to effectively earth 
all conductors which are accessible when the fuse compartment door is open. 
It also ensures that the outgoing side of the circuit is dead and earthed before 
this door can be opened. 

The time delay is a mechanical safety device which prevents the switch 
from opening until a predetermined time — usually 5 seconds — has elapsed 
after the blowing of a fuse. Thus, when closing on to a fault, the operation 
of the fuse does not prevent the switch being closed home, and there is no 
possibility of the switch ever being called upon to carry out or assist in 
fault clearance. 

Facilities are provided for high voltage pressure or current injection 
tests to be made, the design being such that the circuit to be tested must be 
earthed prior to testing and then earthed again before disconnecting the 
test apparatus. Indicating ammeters can be provided, these being operated 
from wound type current transformers fitted in the rear of the unit. 

The satisfactory service given by any type of fuse-switch depends to a 
large extent on the correct selection of fuse rating for the particular applica- 
tion. Criticism due to unwanted operation can often be traced to haphazard 
selection, as for example by selecting a fuse rating approximately equal to 
the full load circuit in the circuit to be protected. Correct selection must be 
related to the particular application with due regard to any switching-in 
surges which may occur e.g. on transformer and motor circuits, and to the 
relation of the fuses with any others, either h.v. or l.v. and to other protective 
gear. 

Typical ratings recommended for transformer and feeder circuits are 
those given in Table 10:1 but noting that these are based on the character- 
istics of a particular make of fuse (E.M.P. Electric Ltd.) and the suggested 
ratings may well be modified for other makes. 


TABLE 10 : I 


Feeder control 

Max. 

feeder 

load 

current 

Fuse 

rating 

amps 

10 

20 

35 

45 

55 

60 

95 

145 

amps 

15 

25 

40 

50 

60 

65 

100 

150 



Transformer control 



II kV 

6-6 kV 

3-3 kV 

Rating 







Normal 

Fuse 

Normal 

Fuse 

Normal 

Fuse 



current 

rating 

current 

rating 

current 

rating 

kVA 

amps 

amps 

amps 

amps 

amps 

amps 

15 

0-79 

6 

I-3I 

6 

262 

6 

25 

1-31 

6 

2*i8 

6 

4-36 

10 

50 

2-6 

10 

4'4 

10 

87 

15 

100 

5*3 

15 

8-7 

15 

17-5 

25 

200 

10*5 

20 

17*5 ! 

25 

35*0 

45 

250 

131 

20 

21-8 

30 

43*7 

55 

500 

26-3 

35 

437 

55 

87*4 

100 

750 

39-3 

50 

65-6 

75 

131-2 

150 


Note — In the above table on recommended fuse ratings, no account has been taken of possible 
discrimination requirements between low voltage and high voltage circuits, and only the 
fuse rating in relation to transformer characteristics has been considered. 
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In the design of gear described^ the following ii^atings are available. 


Voltage 

Normal current 

Fuse breaking 
capacity rating 

kV 

(amps) 

(MVA) 

3*3 

up to 200 

150 

6-6 

»» ft 75 

250 

11*0 

ft ft ^5 

250 


and the time/current characteristics of the fuses are those given in Fig. 10-46. 



Fig. 10-46. — Time-current characteristics of high-voltage h.r.c, fuses 
(E.M.P. Electric Ltd.), 


The importance of cut-off in low voltage h.r.c. fuses is discussed in 
greater detail in Chapter XII. This is equally important in h.v. fuses of the 
type illustrated and an indication of its value may be determined by a study 
of Fig. 10-47. By way of example, let it be assumed that the prospective fault 
current of a particular network is 30 kA r.m.s. If a fuse-switch of the type 
described with a fuse rating of, say, 100 amps is installed on that network, 
then, from Fig. 10-47 it will be seen that the maximum current in the circuit 
is limited by reason of cut-off to approximately 8*2 kA. Tins means that 
all apparatus associated with the circuit in which the fuse appears has to 
withstand the electro-magnetic forces due to 8*2 kA instead of 30 kA 
which would be the case if no fuse were present. 
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Notes— 1 . The ** cut-off** effect at lower fault 
currents is hosed on a test circuit in which the maximum 
short-circuit could amount to 50 kA (r.ms), thereby 
presupposing a lower rate of rise of fault current at 
lower fault current values. 

2. A tolerance of plus or minus 10 per cent should be 
allowed when obtaining **cut-off** figures required for 
deciding operating characteristics of associated switch- 
gear. 

Fig. 10-47. ~ 'Cut-off'' effect of high-voltage h.r.c. fuses 
{E.M.P. Electric Ltd.). 


As these forces are proportional to the square of the current, the 
magnitude of the reduction is clearly considerable, as we have shown in 
Chapter XII. It is this lower value of current to be made by the oil-switch 
if this should be closed on to a fault. 

In some designs of fuse-switch the fuses are under oil and form, in effect, 
the oil-switch blades, as shown typically in Figs. 10-48 and 10-49. 

The fuses may be either non- tripping or tripping types and must be 
oil-tight. To replace a fuse, a cover immediately above the fuses in the switch 
**ofF' position can be opened to permit them to be withdrawn vertically. 

In some circumstances the control of a spur feeder or a ring main circuit 
can be economically controlled by load-breaking fault-making oil-switches 
instead of the more expensive circuit-breaker or fuse-switch. These oil- 
switches have already been noted in Chapter VI but it may be repeated here 
that the design is intended only for breaking load current and not fault 
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Fig. 10-48. — Fuse-switch in position 

{Associated Electrical Industries Ltd.). 


current. The possibility that they may be closed on to a fault however 
cannot be overlooked and this involves peak values as there is no fuse to 
limit the value by cut-off. An oil-switch is a non-automatic device, i.e. no 
protective tripping arrangements are provided and in such circumstances 
the oil- switch can only be used where the absence of automatic protection 
is not a disadvantage. 

There are many variations of arrangement in this field of high-voltage 
switchgear, most of them associated with ring main circuits where a tee-off 
circuit has to be provided. This latter may be controlled either by a fused 
switch or by a full circuit-breaker equipment and, to cover a wide range of 
uses, can be arranged in non-extensible or extensible assemblies. Typical 
of a non-extensible type is that shown in Figs. 10-50 and 10-51. 

The circuit arrangements in these units will be more clearly understood 
from the single line diagrams shown in Figs. 10-52 and 10-53. 

Where it may be necessary at some later date to extend a simple ring 
main equipment or if under original circumstances more than the three- 
circuit arrangement previously noted is required, gear of the extensible 
type is essential. In this each unit is individual, each having a set of busbars 
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which may be air-insulated or compound-filled and so arranged that the 
busbars can be lined up with those of other types of gear as described in the 
early sections of this chapter. A typical arrangement is shown in Fig. 10-54 
and a single-line diagram in Fig. 10-55. 



Fig. 10-49. — Fuse-switch in **off** position 
(Associated Electrical Industries Ltd,), 
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Fig 10-50 — Ring main unit (non-extensible) comprising two non-automatic 
ring main oil-switches and one automatic oil-circuit-breaker in the tee-off feed 

{Johnson & Phillips Ltd ), 
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Fig, 10-51.— Ring main unit (non-extensible) comprising two non-automatic 
ring main oil-switches and a fused-switch in the tee-off feed 
(The General Electric Co. Ltd.). 
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Fig. 10-52. — Single line diagram for the ring main shown in Fig, 10-50 
(Johnson & Phillips Ltd,). 



Fig. 10-53. — Single line diagram for the ring main shown in Fig. 10-51 
(The General Electric Co. Ltd.). 



330 


THE J. & P. SWITCHGEAR BOOK 



Fig 10-54 — Ring main switchboard of individual units comprising two auto- 
matic oil circuit-breakers in ring main and a non-automatic oil-switch in the 
tee-off feed (Johnson & Phillips Ltd ) 


HIGH-VOLTAGE A.C. INDOOR SWITCHGEAR 


331 



Fig. 10-55. — Single-line diagram for the ring main switchboard shown in 
Fig, 10-54 (Johnson & Phillips Ltd.). 


All oil- switch units are normally provided with means for cable earthing 
and testing and because of the onerous duty which closing on to a fault 
imposes, the mechanism is of the spring-closed manually-operated type. 
In this, the initial movement of the handle when closing is arranged to store 
energy in a spring and towards the end of the operation (but before the 
contacts make) this energy is automatically released to complete the closing 
operation, rapidly and without hesitation, independently of the operator. 
Further note of this type of mechanism will be made in Chapter XIX. 
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CHAPTER XI 

MEDIUM-VOLTAGE A.C. SWITCHGEAR (UP TO 660 VOLTS) 


In this chaptei we shall note only those types of medium-voltage switchgear 
which incorporate oil or air-break circuit- breakers leavmg the many forms 
comprising switches and fuses or fuse-switches to be included in Chapter 
XII. 

For the majority of industrial applications the withdrawal type of oil- 
break switchgear similar to that shown in Fig. ii-i is most suitable, being 
robust, but of simple design with easy and foolproof means of isolation. 

This type has an upper limit of current rating of 2 000 amperes and at 
the higher current ratings will incorporate circuit- breakers having breaking 
capacities in the lange of 15 to 31 MVA. In some ratings, the circuit- 
breaker is sufficiently small to allow it to be withdrawn along the slide rails 



Fig. ii-i. — Industrial oiUbreak switchgear, horizontal isolation (Johnson & 
Phillips Ltd,, and by courtesy of the B.S.A. Co. Ltd,), 
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by hand, but in larger ratings lever handles are used to assist movement and 
overcome the normal friction of the isolating contacts. This form of isola- 
tion is clear from Fig. 11-2, the withdrawal handle being seen hanging 
immediately in front of the upright supporting the slide rails. 

In this class of gear, the overload trip coils are very often of the series 
type, but current transformer operated coils may be necessary in a number of 
circumstances and one way in which three ring type current transformers are 
accommodated under the top hood above the circuit-breaker is shown in 
Fig. 1 1-3. Current transformers will also be required where metering or 
relay forms of protection are used. 



Fig. 1 1-2. — Draw-out type switchgear unit with circuiubieaker tank lowered, 
2 000 ampere rating (Johnson & Phillips Ltd,), 
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Fig. 1 1 “3 — Interior view of 2000 ampere industrial circuit-breaker showing 
one method of mounting current transformers (Johnson & Phillips Ltd ). 


In gear of this type, automatic shutters over the busbar and feeder line 
contacts are not normal, but a hinged cover is provided for hand operation 
if it is required to protect the contact orifices at any time, e.g. if a circuit- 
breaker is completely removed from its slide rails Provision for earthing 
(through the circuit-breaker) can be made in various ways, one of these 
being shown in Fig 1 1-4 where, with extended slide rails, an earthing device 
IS fitted on these rails between the circuit-breaker and the pedestal When 
plugged into position, one side of the circuit-breaker is connected to the 
fixed isolating contacts and the other side directly to earth via the substation 
earth bar. 

The pedestal which carries the circuit-breaker slide rails is constructed 
in the form of a sheet metal cubicle of simple design and this is arranged to 
house the busbar system, connections, fixed isolating contacts, current 
transformers and cable boxes as shown in Fig. 1 1-5. This unit construction 
facilitates extension should this be necessary later. 

Some of the designs of oil circuit-breaker used in this type of gear are 
noted in Chapter VI. 

Further examples of industrial switchboards of this general type are 
shown in Figs. 11-6, 11-7 and 11-8. 
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Fig. 1 1 -4. — Industrial oil circuit-breaker in isolated position and with earthir^ 
device fitted on slide rails (Johnson & Phillips Ltd.). 
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Fig 1 1 -5 — Rear view of industrial type switchboard with covers removed to 
show busbars, connections, cable boxes, etc. {Johnson & Phillips Ltd.). 
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Fig. 1 1-6 — Industrial switchboard of high current rating (Johnson & Phillips 

Ltd) 



Fig. 1 1 -7. — Large industrial switchboard comprising incoming and bus section 
circuit-breakers (centre) and feeders disposed on either side. Note relay 
protection on feeder circuits (Johnson & Phillips Ltd,). 






Fig. 1 1 - 8 . — Industrial switchboard of mixed current ratings (Associated 
Electrical Industries Ltd.). 


In the previous chapter we have noted a class of high-voltage switchgear 
in which the circuit-breaker is withdrawn horizontally on two side frames by 
means of rack and pinion. This principle is also used in a range of medium 
voltage switchgear for normal current ratings in the range i 000-3 000 
amperes, but whereas in the high-voltage type the busbars are compound 
filled, here they are air-insulated. The detail design of this type of unit will 
be clear from Fig. 11-9 and its appearance in the switchboard form from 
Fig. ii-io. 

In Chapter VI note has been taken of the use of laminated brush type 
contacts (main) with spring-loaded butt type arcing contacts. It will be 
seen from Fig. 11-9 that here, again, the main contacts are similar, but the 
arcing contacts in this case are of the wedge and finger type. 

For some applications where the normal currents are high, fixed cubicle 
type gear is often used, but as indicated in Chapter X, this does not lend 
itself readily to the application of the safety interlocks, complications arising 
due to (a) the multiplicity of access doors enclosing the separate compart- 
ments, and (b) the use of separate hand-operated isolating switches leads to 
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A— MEDIUM-VOLTAGE FUSES. 

B -BUSBAR-CHAMBER (AIR-INSULATED). 

C— MAIN BUSBARS. 

D— NEUTRAL BUSBAR. 

E -—LOCKING-OFF DOOR 
F.— ON AND OFF INDICATOR. 

G -VENT-HEADER 
H.— VENT-PIPE 

J. — DIRECT-OPERATED CONTROL-MECHANISM. 

K. — CURRENT-TRANSFORMERS. 

L. — CURRENT-TRANSFORMER CHAMBER (AIR-INSULATED). 

M. — CABLE-BOX 

N. — INSULATED GLANDS 

O. — FRAME-STANDARD 

P. — RELAY-FRAME. 

Q. — CIRCUIT-BREAKER 

R. — CIRCUIT-BREAKER RACKING-HANDLE. 


Fig. 1 1 -9. — Cross-section through 660 volt draw-out metalclad circuit- 
breaker unit (A. Reyrolle & Co. Ltd.). 
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Fig. ii-io. — Part of a switchboard of units as Fig. 11-9. Some closing 
mechanisms are of the solenoid type and others direct hand (A. Reyrolle & 

Co. Ltd.). 


inconvenience; where double isolation is essential the two isolators may be 
located at opposite points in the cubicle, thus adding to the complications. 

An example of a switchboard of fixed cubicles is shown in Fig. ii-ii, 
while Fig. 11-12 shows a cubicle in which is installed a 3 000 ampere oil 
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circuit-breaker. It is of interest to note that to assist in closing this heavy 
current circuit-breaker, an extremely long handle is fitted to the operating 

mechanism. , , r j- 

The growing popularity of air-break circuit- breakers for use on medium 
voltages at the higher breaking capacities has been noted in Chapter IX 
and their use in industrial and power station auxiliary switchboards has 
produced a variety of cubicle arrangements in single and double tier forma- 
tions. 



Fig. ii-ii. — Cubicle type medium-voltage substation switchboard {Johnson 

& Phillips Ltd.). 


An extremely clean frontal appearance has been achieved while 
retaining all the advantages of withdrawable circuit-breakers and in some 
designs the circuit- breaker operating mechanism is behind a door or front 
cover and a detachable handle is used through slots in an escutcheon plate 
to both close the breaker and to isolate it by withdrawal. 

One such switchboard is shown in Fig. 11-13, noting that the two units 
in the centre are 3 000 ampere off-load incoming switches, while the circuit- 
breaker feeders are in double tier. In its normal isolated position the 
circuit- breaker is still within the cubicle but for inspection and maintenance 
it can, after opening the door, be racked further forward on extensible rails 
as shown in Fig. 11-14. 

If, for any reason, a circuit-breaker must be completely removed from a 
cubicle, the use of a handling truck enables this to be done. 

Switchgear units employing air-break circuit-breakers can readily be 
lined up with modern forms of fuse-switch cubicles and multi-motor con- 


MEDIUM-VOLTAGE A C. SWITCHGEAR 


34S 



Fig. II-I2. — Industrial type cubicle with 3 000 ampere oil arcuit-breaker, 
tank lowered (Johnson & Phillips Ltd ). 
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Fig II 13 — Medium voltage suitchhoard using air-break circuit breakers 
( The English Electric Co Ltd ) 

tactor starters One example is shown in Fig ii 15 where circuit breakers 
in double tier are lined up with fuse-switches and off load isolators 

Single and double tier formation is also employed in the design shown 
in Fig 1 1- 16, single tier being used for units of 2 400 ampere rating as seen 
in Fig 11-17 

A design in which single tier formation only is employed is shown in 
Fig. 1 1- 1 8, covering a normal current range of i 200-2 400 amperes 

A typical I 200 ampere unit with the circuit-breaker withdrawn com- 
pletely from Its housing on a handhng truck is shown in Fig 11-19 

An interesting development in indoor medium-voltage switchgear is 
one in which an air-cooled power transformer is combined in a self-contained 
umt along with the necessary m v switchgear Such an arrangement is 
seen in Fig 11-20 where the doors of the transformer compartment are 
open to show the dry- type transformer and the busbar connections leading 
to the switchgear section 

In this design, transformers up to i 000 kVA can be accommodated for 
primary voltages of 6 6 and ii kV The switchgear may consist of air- 
break circuit-breakers, fuse-switch units and off-load isolators in varied 
combinations to suit the application 
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Fig. 1 1- 1 4. — One unit of a double tier cubicle with circuit-breaher fully with- 
drawn for inspection (The English Electric Co. Ltd.). 
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Fip 11-17 — 2400 ampere axr-break circuit-breaker in withdrawn (main< 
tenance) position {Associated Electrical Industries Ltd,). 
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Fig. 11-18 

Medium-voltage switchboard 
of air -break circuit-breakers 
(A. Reyrolle & Co. Ltd.) 


Fig. 11-19 

I 200 ampere air-break circuit- 
breaker withdrawn from its housing on 
handling truck (A. Reyrolle & Co. Ltd.) 
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Fig 1 1 20 — Indoor "packaged” substation comprising a dry-type, air-cooled 
power transformer and medium-voltage switchgear (The English Electric 

Co Ltd ) 
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CHAPTER XII 

M.V. H.R.C. FUSES AND THEIR APPLICATION 

As a circuit interrupting device under conditions of short-circuit, the modem 
h.r.c. fuse is in many ways superior to the oil or air-break circuit-breaker. 
In the medium voltage range voltages, 400-600 volts, it can successfully 
interrupt fault currents (prospective) up to the present recognised limit 
of 46 000 amperes symmetrical (B.S. 88 : 1952)* and there are records of 
successful interruption up to 200 kA r.m.s. symmetrical for the American 
market, in accordance with N.E.M.A. standards. Fuses for this market are 
now being manufactured in this country (English Electric), and have been 
tested and certified to this very high value of fault current. 

Its superiority over other interrupting devices lies mainly in (a) its 
ability to limit the fault current to a value less than the prospective peak 
in the first half-cycle of short-circuit, (b) in consequence of (a) the fault is 
interrupted in less than one half-cycle, and (c) it does all this in a bulk of a 
few cubic inches and at relatively low cost. Whilst these attributes give 
it superiority as a short-circuit device, it should be considered as comple- 
mentary to the circuit-breaker in situations where overload or some other 
form of protection is of equal importance. The use of one or the other must 
also depend on considerations related to the system as a whole. 

The fuse, by comparison with the circuit-breaker, suffers the disadvantage 
that replacement is necessary after operation. This is offset in situations 
where the fault level is high by the fact that the physical size of the fuse, 
and therefore its cost, is directly proportional to its current rating, whereas 
the dimensions of the circuit-breaker are determined by its breaking capacity 
irrespective of current rating. The fuse, being a thermal device, generates 
more heat than the current-carrying parts of a circuit-breaker of equivalent 
normal current rating and the effect of temperature rise of the fuse must be 
taken into account in relation to associated apparatus. Fuse-links are listed 
in B.S. 88 up to 1 200 amperes and are in common use up to this rating. 

The excellence of present designs is due to the extensive research and 
development which has been sustained since about 1926 when, good as fuses 
were at that time, it was realised that the rapid increase in fault power would 
demand higher breaking capacity in protective devices than then existed. 
About that time too, improved facilities for high-power testing under 
controlled short-circuit conditions were becoming available (see Chapter V) 
to take the place of large secondary batteries wluch had been a recognised 
source of power for tests at high current values. A paper by Grant (1926) 
analysed the state of the art at that time and outlined many of the problems 
demanding investigation and it can be said with fairness that the fuse of 
today embodies the results of such investigation. 

* Under revision. Any new issue of B,S, 88 should he studied in relation to the data given in 
this chapter. 
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It is not within the scope of this book to discuss in any detail the process 
of circuit-brealdng in an h.r.c. fuse except only so far as it is necessary to 
appreciate this process as it affects the application of fuses. It is of interest 
however to note that basically all h.r.c. fuses comprise a ceramic body to 
contain one or more specially designed fuse elements, these being connected 



Fig. 12-2. — Cartridge fuse-link Category AC s (The English Electric Co, Ltd,), 

The elements, as noted later, are designed such that melting will occur 
at a point or points depending on the configuration or on purposely intro- 
duced low-melting-point regions, the time required for melting depending on 
the magnitude of the current. Vaporisation of the metallic element occurs 
on melting and there is fusion between the metallic vapour and the filling 
powder leading to rapid arc extinction. This chemical reaction produces 
a substance of high resistance which becomes an insulator as the current is 
interrupted. 



NOTE THAT AT I SECOND FUSE-LINK (*} WILL 
MELT AT 1000 AMPERES WHEREAS FUSE-LINK (b) 
SHORT-CIRCUIT ZONE REQUIRES 2000 AMPERES. 



Fig. I2-3» Showing approximate characteristics of single and dual element fuse-links of equal normal current rating. 
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In the application of h.r.c. fuses, there are three broa^^ requirements to 
be studied: — 

1. Protection for apparatus and conductors against the possibility of 
damage due to the passage of current greater than normal. Such 
damage may be thermal or mechanical or both. 

2 . Co-ordination between fuses and other apparatus which can be tripped 
open by other overcurrent devices, e.g. a circuit-breaker or contactor. 

3. Discrimination between fuses in series. 

For a study of protection, it is at once important to note the existence 
of fuses having entirely different time/current characteristics. Typical 
curves to illustrate the difference between two particular designs are given 
in Fig. 12-3 where the curve at (a) is representative of fuse-links using a 
silver wire or strip element while the curve at (b) shows the characteristic 
of a fuse-link employing a dual element which has two zones of operation, 
one for the clearance of high-current values, the other a time-lag zone for 
moderate over- currents. 

The first of these types complies with B.S. 88 : igszfor Class Qfuse-links 
which are intended for use when it is not required to have a close degree of 
protection against relatively small overcurrents and having a fusing factor* 
not exceeding 175. The second type is representative of Class P fuse-links 
and these are intended for use where it is required to include protection 
against small but sustained overcurrents, the fusing factor being 1*25. 

Curve (b) is important in the fact that there is discontinuity at the point 
of change-over from time-lag operation to the quick-acting (short-circuit) 
zone and this change is achieved in the design of the element which, as shown 
in Fig. 12-4, is in the form of dual elements. 


“SHORT-CIRCUIT’ ZONES 

T T 



Fig. 12-4. — Dual element of ”Brilag*' fuse-link 
(Parmiter, Hope & Sugden Ltd,), 


^ The fusing factor of a fuse is the ratio, greater than unity, of the minimum fusing current to the 
, „ . - minimum fusing current 

current rating, namely— Fusing factor^^^ current rating 
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The two outer ends of this element comprise copper strips which are 
perforated to form a constriction for operation at the higher current values* 
Between them there is a time-lag insert which consists of a plug of low-, 
melting-point alloy which melts at i8o°C and it is this section winch melts 
on sustained but small overcurrents. 

The elements which produce curves similar to tiiat at (a) are usually 
made of silver wire, or strip with a series of narrowings or necks, coupled 
with a plug of low-melting-point which alloys with the silver wire or strip 
when melting occurs. These designs may be seen as shown typically in 
Fig. I2-S, while Fig. 12-6 shows typical silver wire elements both before 
and^after operation. 




SILVER WIRE 



SILVER STRIP 

Fig. 12-5. — Typical single elements 


In another design, fuses with either quick-acting or slow-acting character- 
istics are available where the characteristic time-current curve is continuous 
(as in (a) Fig. 12-3) in both types but the slow-acting characteristic curve 
is modified in its slope (for times greater than i second) to give longer pre- 
arcing times at the lower values of current. This change is obtained by the 
introduction of an alloying medium having a fusing temperature below 
that of silver. The diflference between the element construction in these 
designs is shown in Fig. 12-7. 

The arguments for and against the two sets of characteristics have been 
ventilated in some detail in a paper by Dean and the discussion on that paper. 
One argument by those who prefer the dual-element fuse-link is that the 
time-lag action permits the use of fuse-links having normal ratings nearer 
to the normal full load current of a motor than is possible with other types 
and that this is so even with direct-on-line started induction motors taJdnjg 
six to eight times full load current from the line at starting. Against this it 
is argued that by specification a contactor must itself be capable of breaking 
up to six or eight times the normal current rating of the contector, i.e. the 
stalled current of the motor, and therefore should, in association with its 
overload device, be allowed to deal with overcurrents of these magnitudes. 
This aspect will be noted again under co-ordination. 
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660 VOLTS. 

ELEMENT OF 500 AMP. FUSE. 


3.300 VOLTS. 

ELEMENT OF 180 AMP FUSE 



UNFUSEO FUSED 


‘A’ OUTER ELEMENT TO FACILITATE 
CONDUCTION OF HEAT FROM 
CENTRE SECTION 

‘B’ TIME/CURRENT CHARACTERISTIC 
OF FUSE CONTROLLED BY 
LENGTH & DIA. OF CENTRE 
SECTION AT GAP. 

CENTRAL GAP LOCALISES ARC 
DUE TO SHORT CIRCUIT CURRENT. 

‘C HEAT PROOF BEAD LAGGING. 



SOLID CORE 
OF N O N- 
CON DUCTING 
MATER I A L 
FORMED BY 
FUSION OF 
REDUCED 
SECTION OF 
ELEMENT AND 
FILLING. 

NOTE ABSENCE 

OF GAS PATHS. 


‘D’ CHEMICALLY TREATED QUARTZ UNFUSED FUSED 

FILLING. 


PATENTED FUSIBLE ELEMENT 


Fig, 12-6. — Fusible element of high rupturing capacity fuse- links 
(The English Electric Co. Ltd.). 


In other circumstances, a fuse may be applied for the protection of a 
cable and while here there need not be a wide margin between the fuse-link 
rating and the rating of the cable (noting that the I.E.E. Wiring Regulations 
require the rating of the fuse-link to equal that of the cable except in a special 
case), the exponents of the dual-element fuse-link point out that here it is 
clearly preferable to have a fusing factor of 1-25 rather than 1*75, the 
former giving protection at 25 per cent overload, the latter at 75 per cent. 

Whether h.r.c. fuse-links are of one type or the other, however, all 
exhibit at values of prospective current above a known minimum that most 
valuable characteristic known as “cut-oflf**. This means that the short-circuit 
current is interrupted before it can reach the prospective value in the first 
half-cycle of short-circuit and is demonstrated in Fig. 12-8 from which it is 
seen that at (a) the rising current wave is stopped (element melts) and it 
dies away during the arcing period to zero at (b). The value at which 
**cut-off’' occurs may vary as between designs and Fig. 12-9 shows the 
values for English Electric Type T fuse-links. ‘‘Cut-off'' values vary firstly 
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in relation to the normal rating of the fuse-link, secondly in relation to the 
prospective value of the short-circuit current and thirdly to the degree of 
asymmetry. The curves in Fig. 12-9 assume maximum asymmetry. 

It is important to note that the values of prospective current are sym- 
metrical r.m.s. and in Chapters III and IV we have seen how to calculate 
these for any defined system. Thus, if we assume a fault value of 25 MVA 
at 440 volts equivalent to 33 000 amperes (symmetrical r.m.s.), then a 
30 ampere fuse-link in that circuit would *‘cut-ofF' at approximately 
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Fig. 12-9. — Curves showing ** cut-off” currents for Type T fuse-links 
over a range of prospective fault currents based on fully asymmetrical 
conditions where the peak current is 2.55 times the r.m.s. symmetrical 
value, i.e. power factor 0.15 or less {The English Electric Co. Ltd.). 


3 900 amperes. Had no fuse been present then the peak current (Ip in Fig. 
12-8) in at least one phase could reach 84 000 amperes. On the other hand, 



TABLE 12 : 



This table shows the reduction in electromagnetic forces imposed on busbars and apparatus when a fuse is in circuit For example, in a circuit with 
a fault level of 25 MVA, the forces with no fuse present would be i^o whereas with {say) 400 amp fuses in circuit, the forces would be 0*105 ^ 

10 per cent With 800 ampere fuses, the forces are 0*51 or 51 per cent 
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if the fuse-link had been rated 300 amperes then *‘cut-off*' would not occur 
until 23 000 amperes or, going to the extreme, a 1 200 ampere fuse-link 
would be **cut-ofP' at about 70000 amperes. 

The real significance of ''cut-ofT* will be better appreciated by noting 
the data given later in Chapter XIV (Busbars and Busbar Connections) 
concerning the electromagnetic and thermal effects on busbars and con- 
nections when these are carrying short-circuit current. It will be shown, 
for example, that the electromagnetic forces set up tending to distort the 
busbar or connection structure, are related to the square of the current value 
and this being so, the design problem is radically eased if the current 
concerned is, as noted earlier, the ‘‘cut-off*' current of say 3 900 or 23 000 
amperes instead of a possible peak value of 84 000 amperes. Even the worst 
condition of 70000 amperes is an improvement. 

Thus, it is shown that where fuses can be used to protect busbars in 
particular, and other connections and apparatus within the zone of protection, 
very considerable reductions are attained in the electromagnetic forces 
given in Table 14:5 in Chapter XIV and to emphasise this. Table 12:1 
shows the multiplying factors which may be applied to arrive at the reduction 
to be expected. This table assumes maximum asymmetry and “cut-off" 
values from Fig. 12-9. 

The thermal problem in relation to busbars and conductors is also eased, 
if not entirely eliminated, by the application of h.r.c. fuses as current 
limiting devices. 

In Chapter XIV, details will be given showing how the cross-sectional 
area of copper and aluminium conductors may be determined to carry a 
given fault current for a specified time and temperature rise above a given 
initial temperature. From that data it is possible to produce Table 12 : 2 
^showing the approximate section of copper conductor necessary for various 
values of current and time periods. 


TABLE 12 : 2 


S.G. 

MVA 

Symm. r.m.s. 
amperes 
at 415 V 

Approximate cross-sectional area of copper 
conductor m sq. in. assuming a maximum 
permissible temperature rise of ioo“C from 
an initial temperature of 20*^0 

0*5 sec. 

I -o sec. 

2*0 sec. 

3 -o sec. 

10 

14 200 1 

0-14 

0-19 

0*27 

0*33 

15 

21 000 

0*22 

0-28 

0*39 

0*48 

20 

28 000 

0-28 

0*37 

0*52 

0*64 

25 

35 030 

0*36 

0-46 

0*65 

o*8o 

30 

42 000 

0*47 

o*6i 

0-86 

I -o 

35 

49 000 

0-50 

0-65 

1 

0*92 

i*i 


This table shows that if, for example, it is required that busbars and 
conductors (and indeed certain items of apparatus such as isolating switches) 
should be suitable for a fault value of 35 MVA for one second, then, if the 
temperature rise limit is ioo°C, above 20°C initial, the busbars and conductors 
(and isolating switch blades) must have a cross-sectional area of 0*65 sq. in. 
To meet this (nearly) a section of 2^ in. by f in. may be acceptable, a section 
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Fig. 12-10. — IH characteristics for Type T fuse-links for general 
industrial use {The English Electric Co. Ltd.). 
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which will carry continuously i ooo amperes or more. But this could be 
quite unnecessary for normd conditions which might be satisfied with 
conductors good for 200 amperes and it is an interesting exercise to study 
how a set of, say, 400 ampere fuse-links on the incoming side make it possible 
to use the smaller section conductors. 

In a paper by Jacks it is pointed out that when the pre-arcing time of a 
fuse is less than 0*02 seconds, the total operating time is extremely difficult 
to determine. It is therefore suggested that the criterion for such short 
times should be the values representing the energy admitted during operation 
and expressed in ‘‘amperes* seconds** or more briefly I*t. A range of such 
values is given in Fig. 12-10 for both total operating times and pre-arcing 
times. Here we shall be concerned only with the curve for total times, that 
for pre-arcing times being considered later when discussing discrimination. 

The following formula, from the book “Copper for Busbars**, shows 
how the tipie “t** in seconds can be determined for the temperature of a 
copper conductor to rise above an ambient temperature of 30®C when 
carrying a short-circuit current of I amperes: — 

t=2-i3 (y)*[y (1+0-00756 

where A isi the cross-sectional area in square inches. 

This formula can be re-arranged to obtain the area necessary, using 
I*t values, thus — 

A= / - 

V 2*I3.[\/(i+o*oo 756 fl) — i].io^® 

From Fig. 12-10 for a 400 ampere fuse it is seen that the Pt value is 
2*3 • 10® and if the permissible temperature rise is ioo°C then: — 


-Jt. 


2*3 *10” 




__ / 2*3>IO^ 


13 • [ +0-00756. 100) — l] . 10^® 

o-oi8 sq. in. 


0-7.10 


To carry a normal full load current of 200 amperes a cross-sectional area 
of 0-125 sq. in. (i in. by i in.) would be adequate, so that no thermal problem 
remains when h.r.c. fuses can be provided in front of the equipment. The 
effect is of course more pronounced for systems of low normal current 
values and using fuse-links of low rating, but even had the fuse rating in 
the example used been 800 amperes with an Pt value of i . 10’, the thermal 
problem would not arise, a conductor area of 0-0377 sq. in. sufficing. 

Finally on protection it should be noted that the problem of short-time 
ratings for cables is very considerably eased when these are protected by 
h.r.c. fuses as again the current to be carried is the “cut-off** current and that 
only for the short time required by the fuse to interrupt the fault. The 
question of short-time ratings for cables has been noted in Chapter III. 

Co-ordination of fuses with other apparatus which has its own automatic 
devices for tripping open on overcurrent involves a study of two time/current 
characteristic curves, i.e. that of the fuse and that of the overcurrent device. 
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usually thermal or magnetic and sometimes a relay which is current trans* 
former operated, , , J , 

The fuse and the overcurrent device in such circumstances must share 
the duty of protecting a motor or cable in such a way that the breaking 
capacity of the automatic device (circuit-breaker, load breaking switch, or 
contactor), will be fully utilised. This is essential in that it is natundly 
much more convenient to reclose a circuit-breaker or contactor than to 
replace a fuse and the latter should only operate under conditions outside 
the ability of the other device. This leads therefore to a study of two 
characteristics superimposed and it will be found that a point of cross-over 
occurs. 

One example of this is shown in Fig. 12-1 1 where the curves appropriate 
to a 60 ampere trip coil are shown to cross the curves of three fuse ratings. 
Thus, the coil set to trip at 200 per cent crosses the 200 amp)ere fuse curve 
at about 700 amperes and at values below this current, the fuse is slower in 
operation than the overcurrent device and therefore any overcurrent up to 



TIME IN SECONDS 

Fig. 1 2 - 1 1 . — Illustrating cross-over* feature in characteristic time I 
current curves of direct-acting trip coils and h.r.c. fuse-links. 


at least 700 amperes must be cleared by the device associated with the 
trip coils. This feature is of particular importance when fuses are associated 
with contactors used for motor starting. Here, the fuse rating will be chosen 
to ensure that it will not operate during the starting period of the motor 
when a current up to six or eight times full load current is taken from the 
line for a short period of time. The overcurrent device on the starter will 
have a special characteristic to take care of the same condition so that the 
superimposed curves will now appear as shown typically in Fig. 12-12. 
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SECONDS MINUTES HOURS 

?RE*ARCING TIME 


Fig. 12-12. — Illustrating co-ordination between h,r,c. fuses and 
magnetic overload trip, motor starting current and safe value for 
contactor. (The Belmos Co. Ltd.). 


In applications such as these, an important feature is that the fuse is 
providing back-up protection for another circuit-interrupting device which 
has only limited ability but allowing that ability to be used to the full so that 
unnecessary fuse operation is avoided. 

It is of course possible that a fault may exist on a system at the moment 
this other device is closed so that it must have the ability to **make'* onto 
currents equal to the maximum value of *‘cut-ofF' current of the fuse. 
To ensure this may mean the selection of a fuse rating lower than would 
be chosen by other considerations. 
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To some extent the question of co-ordination just considered can be 
regarded equally as a problem of discrimination and is indeed included 
under this heading in B.S. 88 : 1952 (Appendix H), but here it will be 
assumed that the major problem of discrimination is that which involves 
two or more sets of fuses in series. This subject has been dealt with rather 
fully in the paper by Jacks in which he discusses not only the aspect of 
discrimination as may be determined from time/current characteristic 
curves, but also from the point of view of system layout, unequal loading 
causing one fuse to be running warm and the other cool, and the effect 
of installation abuses. 

The simplest case for discrimination concerns two fuses in series, 
typically as shown in Fig. 12-13. 


SUPPLY 




B 

LOAD 

Fig. 12-13. 


Here fuse A is called the “major" fuse and B the “minor" fuse, and to 
attain positive discrimination, the “major" fuse must be unaffected by the 
passage of fault current which causes the “minor" fuse to operate. To achieve 
this, a ratio of 2:1, or more, in current rating is required between the 
“minor" and “major" fuse where the fault level is high, but on systems 
where the prospective currents are low and the fuses do not exhibit “cut-off," 
the ratio need not be so wide. In many applications the subdivision of loads 
is such that the 2 : i ratio is easily exceeded. 

It is important for the maintenance of discrimination that fuse A in 
Fig. 12-13 must be able to carry the through fault current during the time 
it is being cleared by fuse B without deterioration. It will of course warm 
up but on cooling its condition must be as good as new in order that it may 
at some future date again discriminate with a replacement fuse B. The first 
principle therefore to be observed is that the pre-arcing time of the “major" 
fuse must be greater than the total operating time of the “minor" fuse. But 
it has already been indicated (page 366) that when the pre-arcing time is 
less than 0*02 seconds, the total operating time is difficult to determine so 
that reference to characteristic curves for these short times cannot reliably 
give a clue to discrimination and here it is suggested that the curves of 
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admitted mergy (I*t) be used to select discriminating fuses. These curves 
are those in Fig. 12-10 and the method of selection is as follows: — 

The system fault level is known to be 1 5 000 amperes prospective (r.m.8. 
symmetrical) and reference to Fig. 12-9 shows this to be above the value 
at which a 200 ampere ‘‘minor** fuse (B in Fig. 12-13) exhibits “cut-off.** 
Fig. 12-10 indicates that the total operating time IH for this fuse is approxi- 
mately 5.10® amp*sec. and extending this value to the right to the curve 
of pre-arcing IH values, it is found that the fuse whose pre-arcing value 
exceeds s . 10® is a 400 ampere fuse with a value of 8 . 10® amp^sec., approxi- 
mately, this then being the discriminating rating for the “major** fuse A. 
It is noted in passing that a 300 ampere fuse has only 4.10® amp^sec. and 
is therefore non-discriminating. 

In the literature of The General Electric Co. Ltd. concerning their 
fuse-links, a table as in Table 12 : 3 below is given as a guide to the selection 
of fuses to give correct discrimination. 


TABLfi 12 : 3 


Prospective 
fault current 
(amps) 

Major fuse rating (amperes) 

■ 

4 


m 

*5 

20 

25 

30 

40 

50 

60 

80 

xoo 

125 

m 

500 

2 


4 

1 

1 

10 

15 

15 

20 

30 

30 

50 

60 

80 

100 

125 


I 000 

2 


4 

e 


10 

10 

15 

15 

25 

25 

30 

50 

80 

100 

125 


4000 

2 


4 

e 


10 

10 

15 

15 

20 

20 

25 

30 

40 

60 

80 

^ 0. 

10 000 

2 


4 

e 


10 

10 

15 

15 

20 

20 

25 

30 

40 

50 

60 


16 500 

2 


4 



10 

10 

15 

15 

20 

20 

20 

30 

40 

50 

60 

U w 

0 bA 

33 000 

2 


4 

6 


IQ 

10 

15 

15 

20 

20 

20 

25 

40 

50 

60 

vl-l 

46 000 

2 


4 

e 


10 

10 

IS 

15 

20 

20 

20 

25 

40 

50 

60 


80 000 

2 


4 

6 


10 

10 

15 

15 

20 

20 

20 

25 

40 

50 

60 



Prospective 







Major fuse rating (amperes) 





fault current 



















" 




1 












(amps) 

2 QO 

250 

300 

350 

400 

450 

500 

550 

600 

650 

700 

750 

800 


500 

160 

200 

250 

300 

— 

— 

— 

— 

— 

— 

— 

— 

— 


I 000 

160 

200 

250 

300 

350 

400 

450 

500 

550 

— 

— 

— 

— 


4000 

100 

160 

250 

300 

350 

400 

450 

500 

550 

600 

650 

700 

750 


10000 

100 

125 

160 

200 

200 

250 

300 

350 

450 

500 

600 

650 

750 

^ s 

16 500 

100 

125 

160 

200 

200 

250 

300 

300 

350 

450 

550 

600 

750 


33 000 

100 

125 

160 

160 

200 

250 

300 

300 

350 

400 

450 

500 

600 


46 000 

100 

125 

160 

160 

200 

250 

300 

300 

350 

400 

450 

500 

600 


80 000 

100 

125 

160 

160 

200 

250 

300 

300 

35 ° 

400 

450 

500 

550 



Notes, — This table (General Electric Co. Ltd.) gives the minor fuse which will discriminate 
with a major fuse of given rating at varying values of prospective current. Fqr example, a 
sub-circuit where the prospective fault current is 33 000 amperes is to be protected with a aoo 
amp^e fuse. The minimum rating of the major fuse for correct discrimination is found by 
reading across the table from the prospective current until the value of the minor fuse is found. 
The rating of the major fuse (here 400 ampere) is in heavy type at the top of the column. 

An extension of the example in Fig. 12-13 could be one where three 
fuses are in series as in Fig. 12-14. Here the principles already noted must 
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be applied and for a fault at Fi, F2, F3 or F4, fuses B.C.D. or E must 
discriminate with fuse A, and for a fault at Fs, fuse F must discriminate 
with fuse D. 

In his paper, Jacks points out that in certain circumstances it may be 
necessary to regard discrimination as of secondary importance and quotes 
a case as shown dn Fig. 12-15. 


SUPPLY 



Fig. 12-15. 
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Here the ‘'minor'* fuse rated at 600 amperes is selected to give back-up 
protection within the through-fault capacity of the associated contactor, 
whereas the “major" fuse rated 800 amperes, chosen to clear faults in the 
busbar zone, would not protect the contactor. 

Two such fuses would, however, give discrimination at the lower values 
of prospective current and because both are relatively large, discrimination 
will occur up to about 1 5 000-20 000 amperes, the values round about which 
these fuses start to exhibit cut-off (see Fig. 12-9). 

In all that has been said on the subject of co-ordination and discrimina- 
tion, the assumption has been made that the characteristic time/current 
curves of fuses and other tripping devices are strictly accurate making no 
allowance for manufacturing and other variations. To cover these, some 
tolerance must be allowed and for fuses it is usually plus and minus 5 per cent 
and for other tripping devices plus and minus 10 per cent (perhaps more 
on some). Where curves are therefore being compared by superimposition, 
a band equal to the tolerances should really be added to make sure that with 
a plus tolerance on one and a minus on the other the desired co-ordination 
or discrimination is not upset. 

It must also be remembered that published characteristic curves for h.r.c. 
fuses are based on tests which require the fuses and the conductors connected 
to them to be at ambient temperature approximately. When in service, 
however, and at the time of operation, load will be being carried and therefore 
the fuse and conductor temperature will be above ambient and this will 
have the effect of reducing the pre-arcing and total operating times at certain 
current values. Guile has studied this in relation to fuses with single wire 
elements and concludes that at prospective currents above about 15 times 
the minimum fusing current, the change due to pre-loading in total operating 
time for the fuse tested is very small and could be neglected. At low over- 
currents, however, he found the reduction to be such as to be significant 
when considering close discrimination. An example is quoted of a fuse 
pre-loaded with its rated current and then subjected to a fault current 
of twice the minimum fusing current, and it was found that the total operating 
time was 30 per cent shorter than that when unloaded. This clearly needs 
consideration under specified circumstances by reference to the fuse manu- 
facturer in the absence of published data. 

Another point to consider in the application of fuses is that the tempera- 
ture rises allowed in B.S. 88 are based on an ambient temperature of 25 °C. 
If fuses are known to be for use where higher ambient temperatures may 
exist, e.g. in tropical or sub-tropical climates or in others where the room 
temperature may be high on account of the processes in that room, a 
reduction in current rating may be necessary, the actual reduction being 
related to the ambient temperature. For fuses up to about 100/160 amperes, 
any reduction in rating will not usually occur until the ambient temperature 
reaches 45/5o°C. For fuses above these ratings, reductions may take place 
earlier in the ambient temperature scale and at an ambient temperature of 
40°C a 600 ampere fuse may need to be derated to 400 amperes. Guidance 
on this can only be obtained by reference to the particular manufacturer 
in the absence of published data. 

Clause 8 of B.S. 88 : 1952 states that every fuse shall be assigned for 
convenience to one or more of 5 categories of duty distinguished by the 
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values of prospective current of the test-circuit stated in the table below, 
and denoted respectively by the numbers i, 2, 3, 4 afid 5, the numbers i to ^ 
being preceded always by the letters AC or DC according respectively to 
whether the fuse is suitable for use in alternating-current or in direct- 
current circuits, and the number 5 being preceded always by the letters AC. 
The category of duty to which any fuse is assigned shall be one having a 
distinguishing value of prospective current of test-circuit not greater than 
the breaking-capacity rating of the fuse. The power-factor of an a.c. test- 
circuit and the time constant of a d.c. test-circuit shall be the same for all 
tests for a given category of duty, and shall be of appropriate values as stated 
in the Table 12:4. 


TABLE 12 


Category of 
duty 

Prospective 
current of 
test-circuit 
(amperes) 

Power-factor 
(lagging) of 
test-circuit 
not greater 
than 

Time- 
constant of 
test-circuit 
not less than 

Equivalent 
MVAat 
440 V a.c. 

ACi and DCi 

I 000 

0*6 

0*003 0 

075 

AC2 and DC2 

4 000 

0*4 

0*004 0 

3-0 

AC3 and DC3 

16 500 

0*3 

0*010 0 

12*5 

AC4 and DC4 

33 000 

0*3 

0*015 0 

25-0 

ACs 

46 000 

0-15 

— 

35-0 


As a guide to fuse selection for a particular type of load, the following 
may be regarded as representing average practice but due note must be made 
of the earlier discussion in this chapter. 

Fluctuating loads are those in which peaks of comparatively short dura- 
tion occur. Examples of this type of load are found in transformer, fluores- 
cent lighting, capacitor and motor circuits. In the first two cases, the fuse 
selected has to be of such rating that it will withstand the transient current 
surge on switching-in. Selection will depend to some extent on the fusing 
factor of the fuse proposed, but it is suggested that the chosen fuse should 
generally have a normal rating 25 to 50 per cent above the normal full load 
current of the apparatus to be protected. Similar selection is recommended 
for capacitor circuits, but here the tendency should always be towards the 
higher percentage. This type of circuit is particularly difficult because, on 
switching in, there is a heavy current surge of a highly transient nature and 
of high natural frequency. 

The selection of fuses for motor circuits will depend, of course, on the 
value of current taken at starting which, in turn, is dependent on the motor 
design and the method of starting (e.g. direct-on, star/delta, stator/rotor, 
etc.). In addition, correct selection depends on a knowledge of the length 
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of time the motor takes to accelerate and for the current to fall to its normal 
full load value. These are factors which should be obtained from the motor 
manufacturers whenever possible. Given this information, it is possible 
to choose a fuse whose characteristic time/current curve lies at all points 
abo^ue the curve of motor starting current curve. 

This has been illustrated in Fig. 12-12, and it may be noted that it is 
essential to have an ample gap between the two curves at the point ‘‘A'*' 
where the curve of motor starting current starts to droop. If this gap is small 
and the motor is subject to frequent starting-^with the possibility of stalling 
— ^then the fuse may suffer deterioration leading to subsequent unexplained 
operation. 

When the starting current is not known, useful approximations are (a), 
that the starting current of a direct-on-line started motor is about 7 or 8 
times the full load current and (b) that the starting current of a motor with 
a 75 per cent auto-transformer starter tapping is about 4 times the full load 
current and 2^ times with a 60 per cent auto-transformer starter tapping. 
This latter figure also applies to star/delta starting while for slip ring motors 
(stator-rotor starters) a fuse selected to meet normal running conditions is 
adequate. 

On the other hand a steady load is one which will fluctuate but little 
from the normal value (as for example in heating circuits) and in such cases 
selection will depend on whether the fuse has to give overload and short- 
circuit protection or just short-circuit protection. If the former is required 
the fuse chosen should have a current rating as near to the normal circuit 
current as possible. If for short-circuit protection only, then a fuse of higher 
normal rating may be chosen because at short-circuit values of current, the 
operating time will be very little more than for a fuse of lower rating and the 
advantage of a lower running temperature will be gained. 

Although not basically different in so far as it is a fuse-link, reference 
should be made to one design which incorporates a striker pin. In this the 
striker pin is arranged to function after the fuse element proper has cleared 
the circuit and in functioning, the pin moves to upset the latching-in 
mechanism of a circuit-breaker causing the latter to open, or to operate 
an auxiliary contact in the control circuit of a contactor, or to operate an 
auxiliary contact to cause an audible or visual alarm to be given. 

The striker pin is held after operationsothatitcannot be ejected completely 
nor can it be pushed back into the fuse body. The force can be varied to suit 
the application ranging from several pounds for mechanical tripping to one 
or two pounds if to operate auxiliary contacts. After operation the striker 
pin acts additiondly as an indicator to show which fuse has operated. 

The striker pin assembly is generally as shown in Fig. 12-16 from which 
it will be seen that an ignition wire passes through a sealed compartment 
containing a charge of powder. Within the powder the ignition wire is 
slightly weakened and, after the main fuse elements (of relatively less resist- 
ance) have melted to clear the circuit, current is transferred to the ignition 
wire acting as a high resistance shunt and this, heating up, causes the powder 
charge to be fired and force the striker pin upwards to the limit of its travel. 

In a design of oil-tight cartridge-fuses for voltages in the range 3*3 kV 
to 33 kV and for use in fuse-switches of the types described in other chapters, 
EMP Electric have developed a thermal type striker. In addition to function- 
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STRIKER PIN 

CAPSULE 

OUTER HOUSING 

IGNITION WIRE 

POWDER CHARGE 

TAMPED FIBRE PLUG 

INSULATING BUSH 

IGNITION CIRCUIT 
MAKE-OFF WIRE 


Fig. 1 2* z 6. — Elements of striker assembly greatly enlarged 
(JEMP. Electriq, Ltd.). 
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ing under fault conditions as previously described, this device functions when 
overheating of the fusible element occurs for other reasons (as for example 
if a fuse of incorrect rating has been installed). In these circumstances, 
there will be an IR drop across the striker circuit sufficiently high to allow 
current to flow and set off the striker without the fusible element melting. 

The application of fuses with a striker pin ensures, when used in 
association with an automatic circuit-breaker or contactor, that if one fuse 
only operates, the three phase circuit is disconnected, avoiding, in motor 
circuits particularly, the hazards of “single phasing*'. Under these 
conditions it is known that a running motor will continue to run on the two 
remaining healthy lines but with an excess of current in those lines and in 
the motor windings. 

It is appropriate here to note briefly that medium voltage h.r.c. fuses 
have been developed not only for power or lighting circuits but for many 
other purposes as for example fuses in the secondary circuits of voltage 
transformers, for house service cut-outs, for the protection of coil circuits 
(contactor closing coils and the like) and for some special purpose applications 
such as those for use in aircraft (English Electric) and for the protection of 
semi-conductor rectifiers (English Electric and EMP Electric). 

In Chapter V, details have been given of the short-circuit tests which 
have to be made to prove the rating assigned to circuit-breakers. It is 
equally necessary to prove that h.r.c. fuses will behave as predicted under 
overcurrent and short-circuit conditions. 

These tests are, in the case of a.c. fuses, single phase in a circuit having 
a prospective current not less than the breaking-capacity rating of the fuse 
(see Table 12 : 4) and not greater than 115 per cent of this rating and at a 
voltage equal to the voltage rating of the fuse with a plus or minus 5 per cent 
tolerance. In the test at the appropriate prospective current the circuit 
must be made at a rising voltage of 50 per cent of the peak value, again with 
a tolerance of plus or minus 15 per cent. From Table 12 : 4 it will be seen 
that the power factor of the test circuit is defined, the severity at the lower 
values having been discussed in other chapters and being equally applicable 
to fuses. 

If the fuse tested as above has a “cut-off" current less than the numerical 
value of the a.c. prospective current, i.e. less than approximately 70 per cent 
of the numerical value of the symmetrical peak associated with the prospective 
current, then further tests have to be made at some smaller prospective 
current such that the “cut-off" current of this smaller prospective value is not 
less than the numerical value of the smaller prospective current. 

In some types of fuse there is, within the range of duty, a prospective 
current, usually a moderate overcurrent, at which operation is inherently 
difficult. Manufacturers usually check for this by carrying out tests at a 
prospective current not less than the minimum fusing current but not more 
than I ’4 times this value. 

The tests as described will therefore prove the ability of a fuse: — 

(a) At the upper limit of prospective current for which the fuse is 
rated, e.g. 46000 amperes in category AC 5. 

(b) At values of prospective current where “cut-off" may not occur 

(see Fig. 12-9) or may occur to such a limited extent that the “cut- 
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off*' current exceeds the numerical value of the reduced prospective 
current but is less than the associated peak, and 

(c) At a very low value of current not much greater than the minimum 
fusing current. 

The test circuit for fuses is that indicated in Fig. 12-17 but B.S. 88 
indicates that while testing single fuses in a single phase a.c. circuit means 



F FUSE ON TEST 

M METAL CASE OK WOVEN WIRE CLOTH 
(SEE B.S.88/Ci 19) 

R RESISTOR IF REQUIRED 
X REACTOR IF REQUIRED 
FW FINE WIRE FUSE (40 S.W.G. OR SMALLER) 

DURING TESTS CASE OR WIRE CLOTH IS 
CONNECTED TO EARTH THROUGH FW. 

Fig. 12-17 . — Test circuit as in B.S. 88:1952, for h.r.c. fuse tests. 

that each fuse shall be tested independently, this does not mean that only 
one fuse need be tested at once or that the tests need be only on a single phase 
supply. Details are given showing how three fuses may be tested at once, 
one in each of three single phase circuits derived from a three phase source. 

Typical of tests made at an A.S.T.A. test plant on fuse-links to category 
AC 5 are those in Figs. 12-18 and 12-19, the former showing the oscillographic 
record of a test as indicated at (a) above where the prospective current is 
46000 amperes, and ‘*cut-ofF'* occurs at 20000 amperes, the latter showing 
the record for a test as at (b) where the prospective current is only 1 1 000 
amperes and the peak **cut-ofF' current exceeds this, i.e. is 14 250 amperes. 

It is of interest here to note the two X-ray photographs reproduced in 
Figs. 12-20 and 12-21 to show the fused element condition after clearing 
the rated prospective current (33 000 amperes) and the much lower value 
of 2 500 amperes. 

Having considered the m.v. h.r.c. fuse in some detail it is fitting now to 
note a few of the many types of switchgear in which it is used. First may be 
noted the open type of substation fusegear for use in authorised locations 
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Fig 12-18 — Short-circuit test oscillogram for ''Brilag’ fuse link 300 ampere, category, A C 5 Prospective current 
46-0 kA **Cut-off'* (peak) 20 o kA Total operating time o 0063 secs {Parmiter, Hope & Sugden Ltd ) 
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Fig 12-20 — X-ray photograph of fuse after clearing 33000 
amperes (r m s) (A Reyrolle & Co Ltd ). 



Fig 12-21. — X-ray photograph of fuse after clearing 2 500 amperes 
(r,m s) (A Reyrolle & Co Ltd ) 
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and mainly used for the protection of feeder and distribution cables. This 
gear can be mounted hard against a wall requiring no^back access for making 
off the cables, and two examples are shown in Figs. 12-22 and 12-23. ' 



Fig. 12-22. — **Skeltag” substation fuse gear with single isolation for 
2-phase duty {The English l^ectric Co, Ltd,), 


In Fig. 12-22 it will be noted that the fuse-links are of the bolted type 
whereas in Fig. 12-23 handle type fuses are employed. Here the fuse carrier 
is Wnged at its lower contact, thus providing its own means of isolation, 
while in other designs the carrier is held in by thumb-screw driven wedges 
but designed to permit on-load removal of the carrier. 
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Fig. 12-23 — Substation switchboard with circuit-breakers, disconnecting link 
units and fused distributors, (The English Electric Co Ltd,), 



Fig. 12-24. — ** Combination** fuse-switch (The English Electric Co, Ltd,), 
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An alternative and well-known form of distribution switchgear is that 
which comprises a number of fuse-switches, switch-fuses or switches and 
fuses. ' 

In the first of these the fuse-link is in effect the switch-blade, as for 
example the unit shown in Fig. 12-24. this range, units are available with 
and without shrouded contacts, the former being shown in the illustration, 
and the design being such that higher overload currents than those specified 
in B.S. 861 can safely be broken on the switch. These higher currents 
include the stalled current of a motor and a fault current of medium severity 
which, during the period when a fuse-switch is closed on to such a medium 
fault and immediately opened, is not great enough to operate the fuse-link. 
A typical switchboard of fuse-switches is shown in Fig. 12-25. 





Fig. 12-25. — Switchboard of ** Combination'* fuse-switches 
(The English Electric Co, Ltd,). 


In the other forms, a switch-fuse is an arrangement where both the 
switch and the fuses are separate components but are nevertheless contained 
within the same enclosure. Switches and fuses on the other hand are arrange- 
ments where separate compartments are provided to accommodate the 
two components. 
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An example of the latter is shown in Fig. 12-26, in this case with all 
circuits arranged below the busbars but available also for above and below 
mounting. The fuse unit contains handle-type fuses and the cover of this 
unit is interlocked with the associated switch unit so that the latter must be 
in the **off'* position before access to the fuses can be obtained. 

When the load to be switched is inductive or capacitive, a design of 



Fig. 12-26. — Switchboard switches and fuses 

(A, Reyrolle, Co. Ltd.). 


switch is used in which arc chutes are employed as shown in Fig. 12-27, and 
suitable for switching a.c. welding transformers, power factor correction 
capacitors or induction motors. Available for normal ratings from 60 to 
600 amperes, these switches can make and break currents up to six times 
the normal current up to the 200 ampere rating and three times on 400 and 
600 ampere sizes at power factors as low as 0-3. When associated with h.r.c. 
fuse-links of equivalent normal current rating, the switches have a making- 
capacity and through-fault rating corresponding to the maximum duty of 
the fuses, e.g. Category AC 5 corresponding to 33 MVA at 415 volts, i.e. 
46 000 amperes (prospective r.m.s.). 

In recent years, very considerable advances have been made in appearance 
design, a notable example being the English Electric **Superform** switch- 
board in which a flush-fronted clean outline has been coupled with greater 
s^f^ty for operating personnel. A typical board of this type is shown in 
Fig. 12-28 which includes not only fuse-switches but also air-break circuit- 
breakers and distribution fuse-boards without disturbance of the general 
appearance. 
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Fig 12-27 — 400 ampere air-break Quick make and break switch 
for inductive and capacitive load switching One arc chute removed, 
(A Reyrolle & Co Ltd ) 
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Fig 12-28 — ** Superform** switchboard comprising air-break circuit- 
breakers, fuse-switches and distribution fuse boards 
{The English Electric Co Ltd ) 
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In this design, all busbars, connections and risers are fully insulated 
and the busbars are capable of withstanding through-fault currents up t9 
35 000 amperes for one or three seconds. 

The fuse-switch used is shown typically in Fig. 12-29, the switch being 
of the double-break type with quick-make and quick-break action. It can 
stand prospective through-fault currents of 66 000 amperes (r.m.s. sym- 
metrical) equivalent to 50 MVA at 440 volts and can “make'' on to fault 
currents of this magnitude. 



Fig. 12-29. — ** Superform* fuse-switch chassis unit with operating 
handle in retracted position. 

(The English Electric Co. Ltd.). 


Other examples of modern design in switchboards employing fuse- 
switches are noted in Figs. 12-30 and 12-31, the former including also 
air-break circuit-breakers in certain circuits, the latter fuse-switches only 
and designed to line up with group-motor control boards of similar design. 

Another design of switchboard in which the switch illustrated earlier in 
Fig. 12-27 has been incorporated is shown in Fig. 12-32, a board whi<A 
includes an incoming air-break circuit-breaker of the type described in 
Chapter IX. 
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Fig 12-30 — Fuse-switch board with incoming air-break circuit 
breakers and fuse-switches (G Ellison Ltd ) 
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Fig. 12-31. — Switchboard of fuse-switches showing tiered arrangement 
(The Belmos Co. Ltd.). 
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Fig. 12-32. — Switchboard comprising an incoming circuit-breaker and 
switch and fuse units in twOj three and four tier banks 
(A. Reyrolle & Co. Ltd.). 


Fig. 12-33 shows in more detail the separate compartments containing 
the switch and the fuses, the latter being of the handle-type and accessible 
without exposing the switch or any live contacts. 

Reference has been made earlier to the h.r.c. fuse-link which incor- 
porates a striker device for tripping out a three phase circuit-breaker on the 
occurrence of any one or more fuse operating. Figs. 12-34 2tnd 12-35 show 
examples of this application, the former to an oil circuit-breaker, the latter 
to an air-break circuit-breaker. 



Fig 12-33 — Showing doors on switch and fuse units open to give access 
to fuses On one unit the protective shield over the switch contacts has 
been removed for illustration purposes (A Reyrolle & Co Ltd ) 
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Both examples are typical of the use of h.r.c. fuse-links being applied 
to back-up circuit-breakers of moderate capacity, i.e. 15 MVA for the oil 
breaker and 7*5 MVA for the air-breaker, the fuse-links making both good 
for an interrupting capacity of that assigned to the fuse-link, e.g. 25 or 
35 MVA depending on category. Both breakers are fitted with magnetic 
direct-acting overload releases and the problem of the cross-over character- 
istic of the time/current curves as discussed in relation to Figs. 12-11 and 
12-12 has to be studied in such applications. In each design the fuse-link 



Fig. 12-34. — Industrial type oil circuit-breaker incorpora- 
ting back-up striker-pin fuse-links 
(Johnson & Phillips Ltd.). 


striker pin and the overload trip plunger are arranged to operate to upset 
the latching-in mechanism of the circuit-breaker and so cause it to open. 

A well-known example of back-up protection by h.r.c. fuses is that applied 
in motor control gear where the contactor is not expected to have a high 
interrupting capacity in its own right. Here the back-up fuse-links are 
generally of the non-striker type but examples do exist where the striker pin 
type has been used, the striker pin in this case functioning to operate a set 
of auxiliary contacts connected in the control circuit of the contactor. 
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Fig 12-35 — Circuit-breaker with back-up striker-pin type fuse-links 
(The Belmos Co Ltd ) 


author’s note 

In previous editions, one or two illustrations were included to show the 
characteristic time I current curves of particular hr c fuse-links Because of the 
number of makes available it has been thought wise to omit such curves on this 
occasion, leaving the reader free to compare the various and numerous curves 
himself from manufacturers* published data 
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CHAPTER Xm 
BUSBAR SYSTEMS 


The busbar system selected for any particular application will depend 
largely on 

(a) The degree of flexibility of operation required. 

(b) The degree of immunity from total shut-down desired. 

(c) The relative importance of the location. 

(d) First cost, where economics are a primary consideration. 

In a major plant, e.g. generating station or primary distribution centre, 
an elaboration of the busbar system is nearly always justified. Here, a shut- 
down results in the disconnection of consumers over a wide area, and a 
system which enables reconnection in the shortest possible time is essential. 
In the small substation the number of connected consumers may be small 
and the dislocation due to a shut-down is thereby reduced. First cost is 
also a primary consideration in small substations and therefore the elabora- 
tions of a major station are not warranted. 

In the following pages will be found the main basic layouts. There are 
various ways in which two or more of these can be combined and such 
combinations find useful application in certain circumstances. 


SINGLE BUSBAR. 

The simplest of all busbar connections is that where a single set of 
busbars extend the length of the switchboard without break, and to which 



all generator, feeder and transformer circuits are connected. This method 
is general for d.c. switchboards, and is one usually chosen for the smaller 
a.c. substation or generating station. 
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The single busbar scheme is shown in Fig. 13-1. It is to be noted that 
if at any time a busbar fault occurs, all feeders will be deprived of supply. 
Busbar cleaning and maintenance will involve a complete shut-down. In 
compound-filled types of switchgear, busbar faults and the need for cleaning 
should not arise, so that for this type, single busbars are often suitable. 
A further point not to be overlooked is that under fault conditions the 
combined plant of the station feeds into the fault and this may place some 
limitation on the size of station which can use continuous busbars, i.e., 
without sectionalising. In Fig. 13-1 means of isolating the circuit-breaker 
are indicated only on the busbar side. If, on feeders or transformers, there 
exists any possibility of a feed back, double isolation must be used. This 
point should be particularly watched in transformer circuits where they may 
be paralleled on the m.v. side for distribution — such paralleling may arise 
through an indirect route and not necessarily at a common point such as 
the m.v. switchboard. 

SECTIONALISED SINGLE BUSBAR. 

The simple act of sectionalising the busbar results in many advantages. 
Chief among these is the facility it provides in operating the system in that 
one (or more) sections can be completely shut down for maintenance or 
repair without interfering with supply from other sections. The number 
of sections will largely depend on the importance of the station or on the 



Fig 13-2 . — Sectionalised single busbar system. 

limitation of short-circuit value desired (see Chapter III). It is an important 
advantage of sectionalising that circuit-breakers of lower breaking capacity 
may be used by running normally with sections electrically segregated. 
If feeders to any one point are duplicated, it is usual to connect these to 
different sections. If sectionalising has been adopted in order to obtain a 
reduction in fault value, care must be taken not to parallel feeders off 
different sections of the main switchboard at the remote point, i.e., section- 
alising may be necessary at the remote point also. In general, the 
sectionalising switch should be a circuit-breaker so that the sections may 
be uncoupled even if a load transfer happens to be being made. An air- 
break isolator, so often used for sectionalising, is not suitable for this 


BUSBAR SYSTEMS 


399 


purpose, and if used, should be suitably interlocked so that it can only 
be opened or closed under no-load conditions. Air-break isolators should 
preferably be confined to m.v. systems. ' 

Where a circuit-breaker is used, it should have double isolation, in 
order that the circuit-breaker may be completely isolated from adjacent 
sections. A simple sectionalised single busbar scheme is shown in Fig. 
13-2 which also indicates how fire risks may be reduced by housing the 
sectionalising circuit-breaker within fireproof walls. It will be appreciated 
that the sections must be synchronised before the section switch is closed. 

RING BUSBARS. 

From the sectionalised scheme, the next step to give greater flexibility 
is to join the ends of a multi-sectionalised busbar, to form a ring, as shown 
in Fig. 13-3. By this means, generating plant on any section can be utilised 
to supply the feeders on any adjacent section. 



Fig. 13-3 . — Sectionalised ring busbar system. 


DUPLICATE BUSBARS 

In the more important stations, the use of duplicate busbars is almost 
universal. The advantages of the scheme from an operating and maintenance 
point of view more than outweigh the additional cost. Usually, one set of 
bars are designated “main*' and the other “reserve" or “hospital." This 
infers that normally the “main" bars are in use with the other set available 
in the event of trouble. Apart from cleaning and maintenance, the existence 
of a second set of bars is of considerable value when, for some reason, a 
particular circuit demands special treatment, such as testing out a new feeder, 
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or the running of an existing feeder at a higher voltage than normal to 
compensate for an abnormal voltage drop. Similarly, it is possible to carry 
out commissioning tests on new plant on the reserve busbars without 
interfering with normal services on the main bars. 

Duplicate busbars involve the use of selector switches at the switchgear. 
In cubicle gear, these take the form of ordinary isolating switches. In 
metalclad gear, removable plugs are sometimes supplied, these being moved 
by hand to one position or another. Alternatively, oil-immersed selectors 
are used — one type being an '‘off-load'' arrangement where a single blade, 
hinged at one end, is moved by means of an external handle to one or other 
set of contacts connected to the main or reserve busbars. In another form, 
the blade is in the shape of a fan and makes contact with one set of contacts 
before breaking on the other, and is an “on- load'" type. These are described 
and illustrated in more detail later. 


V 
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Fig. 13-5. 
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The two sets of busbars must be paralleled before operating the selector 
switches, and this is done through a busbar coupler switch, as shown in 

Fig* 13 - 4 * 

This switch may or may not have automatic features, but in any case 
should be interlocked with the selector switches. This is usually accom- 
plished by means of keys, suitably trapped until the busbar coupler is 
closed. This interlock can be combined with a synchronising scheme. 



RESERVE 

MAIN 


Fig. 13-6. 


In an alternative form of duplicate busbar scheme, duplicate circuit- 
breakers are used for each circuit. This scheme does not require a busbar 
coupler switch, but it is costly and is generally only used in major stations. 
It is a scheme which gives greatest facility for circuit-breaker maintenance. 
The layout is shown in Fig. 13-5. 

SECTIONALISED DUPLICATE BUSBARS. 

This scheme is shown in Fig. 13-6 and provides considerable flexibility. 
Any section of busbar can be isolated for maintenance while any section 
can be paralleled with any other through the reserve busbars. Normally, 
sectionalising of the reserve bars is unnecessary, although this can be done 
if required. Busbar coupler switches can be provided on each section. 

DUPLICATE BUSBARS WITH BY-PASS ISOLATORS. 

Instead of using duplicate circuit-breakers, a scheme may be used in 
which a by-pass isolator is incorporated as shown in Fig. 13-7. It is only 
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breakers by new, and a group switching scheme is often resorted to. This 
scheme is shown in Fig. 13-8, where groups of feed^s are connected to thp 
generators through circuit-breakers of ample breaking capacity. It will be 
clear that if a fault occurs on any of the feeders, the group circuit-breaker 
must open to clear it. This is a disadvantage in that all feeders connected 
to that group circuit-breaker are out of service until the faulty circuit is 
cleared. In order to ensure the opening of the group circuit-breaker, a 
scheme of interlocking is necessary, usually accomplished through relays. 
This scheme will permit a feeder circuit-breaker to clear an overload within 
the capacity of that circuit-breaker. 

Before adopting the group switching scheme, it is essential to check that 
the feeder circuit-breakers can carry the maximum fault current until 
cleared on the group circuit-breaker. It must also be remembered that a 
feeder circuit-breaker may be closed on to a fault, a duty for which it may 
not be suitable. 

A modification of the scheme, and one to be recommended, includes 
reactors between the group feeder and the secondary busbars, as shown 
in Fig. 13-9. 
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Fig. 13-9, — Group switching system. 


TRANSFORMER SWITCHING. 

In networks where transformers are employed to step up to a suitable 
transmission voltage, a variety of switching schemes are available. Two of 
these are shown in Figs. 13-10 and 13-11* 

The scheme which allows for switching the transformer and line as a 
unit is adopted to economise in switchgear, as none is required on the 
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Fig. 13-10. — Generator and Fig. 13-11. — Transformer and line 

transformer switched as a unit. switched as a unit. 


h.v. side. It has the obvious disadvantage that a transformer breakdown 
involves also the loss of the line. The practice of treating a generator and 
transformer as a unit has the same disadvantage as trouble with one involves 
the other. It has the advantage that heavy current switchgear at relatively 
low voltage is not required. The two can be adequately protected as a unit, 
and magnetising current rush on switching-in is eliminated. 



Fig. 13-12. 


All the schemes for transformer switching, though shown for single 
busbars, can be elaborated by the use of duplicate busbars and sectionalising. 



BUSBAR SYSTEMS 


40s 


MESH SCHEME. 

A scheme which has been adopted in major stations is known as th^ 
mesh sdieme, shown in Fig. 13-12. It is a development of the three-switch 
scheme adopted on the Britisli Grid network, for schemes where there are 
more than two feeders. It economises in the use of circuit-breakers (by 
comparison with a duplicate busbar scheme) but the total number of 
circuit-breakers is the same as the number of circuits. The saving is in 
the elimination of the busbar coupler. To make any circuit dead, two 
circuit-breakers must be opened, i.e., the two adjacent to the circuit in 
question. Protection must include for the tripping of two circuit-breakers 
and therefore complicates the scheme. 

REACTOR SCHEMES. 

Many of the schemes so far considered can have generator, feeder or 
busbar reactors included in order to reduce the value of fault current to a 
safe figure. Details of the use of reactors are given in Chapter III, while 
typical diagrams are given in Figs. 13-13 to 13-16. 
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REACTORS IN REACTORS IN 
GENERATORS FEEDERS 

Fig. 13-13. — Reactors in 
generator and feeder circuits. 


Fig. 13-14. — Reactor in busbars 
with short-circuiting switch. 


The busbar systems so far described relate mainly to those employed 
on high-voltage networks. While it is rarely necessary to adopt duplicate 
busbars or the more complicated mesh or ring schemes for low-voltage 
(400-600 volts) switchboards, it is nevertheless true that sectionalised busbars 
are of considerable importance, particularly in relation to the need to reduce 
fault values, as demonstrated in Chapter III. In addition, sectionalising 
effectively reduces the transformer .ratings to bring down the normal load 
currents to be carried by both cables and switchgear, which in itself is a 
desirable feature. 
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MEANS OF ISOLATING OR SHORT-CIRCUITING 
REACTORS OMITTED FOR SIMPLICITY 

Fig. 13-16 . — Reactors in ring busbars. 



BUSBAR SYSTEMS 


407 


The use of two or more small transformer units instead of one large 
unit has the further advantage that if one smaller transformer is lost due to^ 
breakdown or other cause there is no total loss of supply as would be the 
case if the one and only large transformer failed. It is possible in a scheme 
such as that shown in Fig. 13-17 to assume three 650 kVA units taking the 
place of one i 500 kVA unit and the load factor being such that normally 
only two transformers would be in service leaving the third as a standby. 



Fig. 13-17. 


Sectionalising to obtain a reduction in fault values can only be effective 
if the transformer and sectionalising switches are adequately interlocked. 
Under no circumstances must it be possible to have all switches closed at 
the same time; in fact in the scheme in Fig. 13-17 out of the five switches it 
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must be possible to have only three or less closed at any one time, while in a 
scheme with two transformers and one section switch, only two out of three 
must be closed. Such interlocking is usually achieved by the use of figure 
locks and keys. 

In some circumstances it may be an advantage to have facilities to join 
the busbars at the sub-distribution point, as shown by the dotted lines at 
A and B in Fig. 13-17. The advantage of this is that it makes it possible to 
have one of the feeder circuit-breakers at the main switchboard out of 
service for maintenance purposes. This, however, means that further 
interlocking will be necessary to ensure that only three of the five switches 
(three incoming and two section) can be closed at any one time. 

METHODS OF BUSBAR SELECTION. 

Where duplicate busbars are employed, some means must be provided 
whereby the circuit is connected to one set of bars or the other. In open or 
cubicle types of gear, this simply means the supply of two sets of isolating 
switches as indicated in the diagrams. Figs. 13-4, etc., but in the various 
forms of draw-out or drop-down types, whether air-insulated or compound- 
filled, other methods are necessary and one of the earliest designs was that of 
plug changing. In this, a set of three plugs is provided which can, with the 
circuit-breaker isolated, be screwed into the upper or lower set of fixed 
spouts. This method is shown diagrammatically in Fig. 13-18 where the 
plugs are indicated as being in the upper orifices thus connecting the circuit- 
breaker to the upper set of busbars. 



Fig. 13-18. 


It is essentially an ‘*off-load" method of selection, involving perhaps, 
scaling the unit to get at the plugs, and then handling them from one orince 
to another. For the smaller current ratings this may not be a serious 
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handicap, but at the larger current ratings the plugs tend to be rather heavy. 
It is a form of selection which is applied particularly in types with horizontal 
isolation and much ingenuity has been shown in devising interlocks to ensuri 
that before a circuit-breaker is put back into service, all three plugs have been 
put into one row. 

In an effort to provide an easier change-over, the oil-immersed selector 
switch has been developed. In a chamber carried above the oil circuit- 
breaker, a three pole changeover switch is accommodated, the three poles 
being coupled and connected to an external operating mechanism. Two 
types of this design are used, one an "off-load'' type as shown diagram- 
matically in Fig. 13-19, where the change-over blades are of the "break- 
before-make" type, and an "on- load" type as shown in Fig. 13-20, where 
the blades are of the "make-before-break" type. With "on-load" selection 
by this method, it is usual to provide an interlock with a busbar coupling 
switch so that the latter must be closed before change-over takes place at 
individual circuits. Where it is likely that certain generating plant may be 
connected some to one set of bars and some to the other, synchronising 
across the busbar coupler is necessary. 

The disadvantages of the oil-immersed isolator are that it adds to the 
quantity of oil per unit, and involves a common connection to both sets 
of busbars within the selector chamber. 

An alternative form of "off-load" selection is that described as a transfer 
circuit-breaker. In this scheme the circuit-breaker is first isolated completely 
from one set of bars, bodily moved, and then re-connected to the second 
set of bars. In vertical isolation types, this involves lowering the breaker 
carriage, moving it either forward or backward, and then raising it to the 
desired set of busbars. Diagrammatically this is shown in Fig. 13-21. 




In the horizontal isolation type it is usual to fix two rows of fixed struc- 
tures back to back, the circuit-breakers being in use on one row or the 
other, t5rpically as shown in Fig. 13-22. To move the circuit-breaker involves 
the use of a transporter truck or a crane and the need for two rows of fixed 
structures involves considerable floor space. 
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A variation of the transfer breaker method is sometimes used where two 
separate circuit-breakers are used per circuit, with suitable interlocks 
between the pair to ensure that only one is closed at a time. It is a costly 
method and is only justified on the most important plants and at the higher 
breaking capacities. This method of selection is shown in Figs. 13-23 
(horizontal isolation) and 13-24 (vertical isolation). 

Two other methods of busbar selection have been developed, the first 
comprising a specially designed circuit-breaker having two sets of fixed 
and moving contacts within a common tank and with a common centre 
point, generally as shown in Fig. 13-25. The other is a design which permits 
one set of circuit-breaker stems to be rotated through 180 degrees to make 
contact with one or other set of busbars, as shown in Fig. 13-26. This is, 
naturally, an *‘off-load” form of selection. 



Fig. 13-22. 
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CHAPTER XIV 

BUSBARS AND BUSBAR CONNECTIONS 


Two materials offer themselves as commercially suitable for use as busbars 
and busbar connections in switchgear design, namely copper and aluminium. 
The relative properties of these are given in the table below. 



Copper 

Aluminium 

Weight per unit length for equal con- 
ductivity . . 

I‘0 

0*50 

Conductivity for equal areas: — 

Electrical . . 

I’O 

o-6i 

Thermal . . 

1*0 

0-56 

Tensile Strength (Hard drawn) . , 

1*0 

0*40 

Hardness (Hard drawn) . . 

i-o 

0*44 

Modulus of Elasticity 

i-o 

0-55 

Co-efiicient of Thermal Expansion 

i-o 

1-39 

Melting Point 

1*0 

o*6i 


This table shows that for equal conductivity, aluminium is lighter than 
copper and while this is an advantage in some applications, it is not usually 
important in many of the indoor types of switchgear up to 33kV. Here, 
weight is not a deciding factor; rather it is bulk that counts, particularly in 
metalclad and other enclosed types, and as aluminium conductors must 
have about 6o per cent greater sectional area than copper conductors for the 
same current rating, the latter material is often preferred. In other 
circumstances, where space is of less consequence, aluminium finds many 
uses, especially for example in open busbar runs such as occur in furnace 
installations, electroplating plants, large battery rooms as at telephone 
exctenges, and vertical risers in multi-storey buildings. Alummum is not 
subject to ‘‘progressive oxidation"' in that the oxide film is continuous, very 
hard and adherent and is stable, thus sealing the metal from further 
oxidation. This is important when an installation has to operate in high 
temperatures, or in polluted atmospheres. 

Busbars and busbar connections for current ratings of 200 amperes and 
above, as components of electrical switchgear, are covered by B.S.1S9, the 
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busbars or connections having air, oil, solid or semi-solid materials as the 
principal insulation. When copper is used, hard-drawn bars are preferred 
to cold-rolled because of their better surface finish and because hard-drawing 
results in increased strength. Copper has a resistivity at 20®C. of about 
1 76 microhms per cm. per sq. cm. section for drawn bar or 1 72 microhms 
for annealed bar, while aluminium has a resistivity of about 2*87 microhms 
per cm. per sq. cm. section. Both copper and aluminium sections are 
supplied dead to size within very close limits, the tolerances being given in 
a series of British Standards, of which B.S.1432 and B.S. 1433 apply for flat 
bars and round bars in copper and B.S.2898 for these sections in aluminium. 
The value of small tolerances lies mainly in the fact that switch blades 
(for example) can be made direct from the bar as recieved without machining. 

CURRENT-CARRYING CAPACITY 

At one time the current-carrying capacity of electrical conductors was 
based on the rule of i 000 amperes per sq. inch. This rule was very rough 
and ready and led to the uneconomical use of material, particularly where 
the conductors were of small section and where densities well over i 000 
amperes per sq. inch could be used. The feature which should control the 
current-carrying capacity of a conductor is that of temperature and to this 
end B.S. 1 59 states that the temperature rise of busbars and busbar connections 
when carrying rated normal current at rated frequency shall not exceed 
50®C and that this rise is based on an ambient temperature having a peak 
value not exceeding 4o°C and an average value not exceeding 35° measured 
over a 24-hour period. 

Based on this it is clear that the temperature of any busbar or connection 
should not exceed 90°C. Above this figure oxidation increases rapidly and 
may give rise to cumulative and excessive heating at joints and contacts. 

There are very many variables which affect the temperature to which a 
conductor will rise. In brief they include the number and arrangement of 
laminations, whether bars are on edge or laid flat, whether freely exposed 
to the air or surrounded by insulation, the proximity of a surrounding 
casing and the material of which the latter is made. 

The amount of heat generated in a conductor is proportional to the 
resistance of that conductor and to the square of the current it carries, while 
the temperature rise depends on the rate at which the heat is dissipated, 
the latter taking place in varying degrees by convection, radiation and 
conduction. 

Busbars completely surrounded by insulation will have the heat removed 
solely by conduction in the first instance, while bars freely exposed to the 
air will have the heat dissipated by convection and radiation. The maximum 
rate of heat dissipation with rectangular sections occurs when the sections 
are thin thus having a long perimeter for a given cross-sectional area. When 
a number of rectangular bars are arranged in parallel their current-carrying 
capacity is reduced because their surfaces will dissipate less heat, the various 
bars effectively shielding adjacent bars. Thus if the current-carrying 
capacity of a single rectangular section is known then that of a paultiple bar 
can be determined approximately by multipl3nng by an appropriate factor 
from the following: — 
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2 

D.C. 

laminations 

. 1*8 

A.c. 

2 laminations 2 in. wide 

• 1*74 

3 

tt 

• 2*5 

2 1, 

3 »» 

t> 

. 170 

4 

n 

. 3*2 

2 „ 

4 » 

*t 

. 1*66 

5 

tf 

• 3*9 

3 M 

2 „ 

n 

• 2-30 

6 

*f 

• 4*4 

3 ** 

3 »* 

»» 

. 2*20 

8 

n 

• 5*5 

3 »» 

4 M 


. 2*09 

10 

ti 

• 6*5 

4 

3 M 


• 2-45 




4 

4 M 

ft 

• 2-30 


Both the above sets of figures are given by the Copper Development 
Association as being applicable to bars J inch thick and with i inch spacing 
between laminations. 

In the case of a.c., increasing the number of laminations does not 
greatly increase the current-carrying capacity because, as Fig. 14-1 shows, 
in a composite bar of ten laminations, the current density in the outer strips 
is about four times that in the centre strip. In general, a multiple bar of 
four or five laminations is an economical limit from a current-carrying 
point of view. 



Number of Lamination 


Fig. 1 4- 1 — Alternating current distribution in a bar of ten laminations 
(C. F. Wagner, ''Electrical World," Vol 79 (1922)). 
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Beyond this it pays to look at other formations and to illustrate this, 
Fig. 14-2 shows various formations for four square inches of conductor. 
The comparative a.c. ratings are given above the columns and it will be 
noted that as between the first and last columns there is a difference of 85 
per cent. 


1-85 



Fig. 14-2. — Comparative a.c. ratings of various conductor arrangements of 
equal cross-section, i.e. four square inches {Copper Development 
Association). 

These relationships must however be regarded as approximate only, as 
much depends on the surroundings. The comparisons for example assume 
conductors freely exposed to the air and if they are enclosed then very 
different relative ratings might apply. 

The determination of the actual current which a given section of 
conductor will carry and not exceed the temperature limits noted earlier is 
a matter of some complication. Formulae for the determination of the 
direct current carrying capacity of copper conductors have been given by 
the Copper Development Association as follows: — 

Flat bars ide = 678A°‘® . p®*” 

Round bars (solid) ide = 1080 A® ** 
where ide = Direct current in amperes. 

A = Cross-sectional area in square inches, 
p = Perimeter of conductor in inches. 

These formulae assume a temperature rise of 50®C over an ambient of 
30®C but it is stated that if used for a 40°C ambient, an error of about 
I -5 per cent will probably be less than those implied by other assumptions 
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which, inevitably, must be made. If it is desirable to limit the temperature 
rise to a lower figure than so®C, the following factors may be used: — ’ 

For 30®C rise multiply by 0*757 
For 4o®C rise multiply by 0*887. 

For aluminium conductors, the following formulae have been advanced 
to determine the direct current carrying capacity. 

Flat bars Idc = kA®‘^® . p®*® 

Round bars Idc = kD^‘^ 

where Idc, A and p are as for copper. 

D = Diameter of rod in inches, 
k = Constantjas follows: — 

Flat bars = 385 for a 40°C rise. 

„ „ = 43S for a 5o®C rise. 

Round bars =659 for a 40°C rise. 

„ „ = 749 for a so°C rise. 

It is of interest here to note that the current carrying capacity of a bar 
can, without increase in temperature rise, be increased by about 20-25 per 
cent by painting the surfaces with a dull black paint (matt finish non- 
metallic). 

Before leaving the question of direct-current ratings, it is well to note 
that Thomas and Rata make no endeavour to establish these ratings by the 
use of formulae in their book ** Aluminium Busbar'* (see bibliography) and 
make the following statement: — 

‘‘Several attempts have been made to establish the law connecting the 
current-carrying capacity with temperature and busbar shape in mathematic^ 
terms, notably by Melson and Booth, but it should be noted that their 
particular formula applies only to bars that are painted perfectly black and 
situated in still unconfined air. Further it deals only with one conductor 
per circuit and hence the majority of practical cases are not covered by the 
formula. Ratings for aluminium alloy busbar given in this book have been 
established by direct experiment and not by calaculation." 

Busbars and conductors for use on a.c. systems require further study to 
establish a current-carrying capacity. This is due to the fact that whereas 
direct current distribution in a conductor is controlled only by the resistance 
of the various parts of the conductor, giving uniform current density 
regardless of shape or the position of return conductor, a conductor on a.c. 
is subject to inductive effects as well as resistance, leading to variations in 
current density over the section of the conductor, and to the fact that the 
current density may be distorted by the current in adjacent conductors. 
These two phenomena are known as “skin effect** and “proximity effect** 
respectively. 

Skin effect is that effect which tends to crowd the current into the 
outlying parts of a conductor and is due to the back e.m.f. induced wherever 
an alternating flux exists by virtue of this flux cutting the conductor. This 
e.m.f. is produced in a bar by its own magnetic flux and while the central 
portions of the conductor are cut by the flux from all parts of the bar, the 
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outlying portions are not, the line linkages decreasing as the edges are 
reached. Current tends therefore to crowd into the edges of a flat strip, 
the outer members and edges of a multiple bar, and the skin of a circular 
bar, where the opposing e.m.f. is a minimum. 

Proximity effect is due to the proximity of an adjoining or adjacent 
pole or phase. When a bar is cut by the flux from such adjoining or adjacent 
conductor, the current tends to crowd into the portion of the conductor 
nearest the other bar. 

Both effects have one result — an increase in the apparent resistance 
of the conductors and as PR is the measure of the heat generated, the 



Fig. 14-3. — Skin effect in rectangular high conductivity 
copper bars at 20°C (Copper Development Association), 
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temperature rise of two bars of equal section carrying the same current 
will be higher for that bar carrying alternating curreht. For heavy current ' 
applications, both effects can be countered to some degree by careful con- 
sideration in the design and layout of the conductors. Skin effect, for 
example, can be reduced by adopting a form such as the ‘‘hollow square" 
or by using tubular bars. In both forms as much copper as possible is 
located equidistant from the magnetic centre of the bar. Proximity effect 
may be reduced by spacing the conductors to the maximum possible or by 
some special arrangement to ensure that no bar is adjacent to another. 

When conductors are close together, as is often the case in low-voltage 
switchgear where the electrical clearances demanded are small, and in 
compound-filled busbar chambers, proximity effect can be pronounced. 
The problem of ratings is further complicated by reason of the fact that in 
perhaps the majority of switchgear designs, the conductors may be enclosed 
in non-magnetic or magnetic enclosures, each form having its own effect on 
the current rating of a conductor, resulting in some reduction in the ‘‘free 
air" rating. 

An approximate value for the latter may be determined, for isolated flat 
bars, from the formula: — 



where = Apparent a.c. resistance. 

R = D.C. resistance, 
and R^/R is the skin effect ratio. 

This ratio for rectangular bars may be read directly from the curves in 
Fig- 14-3 against cross-sectional area and for various ratio of width to 
thickness. Where this ratio is large the curves a/b = 240 should be used. 
The formula, it should be noted, applies only to isolated (i.e. single) flat 
bars and factors by which the value so determined should be multiplied for 
multiple bars have been noted on page 417. A study of the curves reveals 
that for all practical purposes in single flat copper bars up to about 0*5 sq. in. 
cross-sectional area, the a.c. current rating can be assumed to be equal to 
the d.c. rating. This is true also for copper rods up to about 075 sq. in. 

In arriving at an a.c. rating by the formula given it has been assumed 
that the conductor is at such a distance from the return conductor that the 
effect of current in the latter can be neglected, i.e. the rating is not affected 
by proximity effect. The magnitude of this depends among other things, 
upon the frequency and on the spacing and arrangement of the conductors. 
This problem has been dealt with in some detail in the book ‘‘Aluminium 
Busbar" by Thomas and Rata and these authors state that ‘‘Proximity effect 
can safely be regarded as introducing a change of 5 per cent or less in the 
rating if the current is less than 2 000 to 3 000 amperes and the voltage 
exceeds i 000 volts, because the busbar will not then be too large nor will 
the spacing be too close." 

In the case of rod conductors, used with considerable advantage in 
certain designs of switchgear, and particularly at the higher voltages, the 
skin effect ratio R^/R for coppjcr is obtained from the curves Fig. 14-4. 
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X 


Method of Use— - 

Gilculate X from X— 0*3065\/Af 
Where A = Area of rod in sq. in. 

f = Frequenc/ In cycles. 

From X on base line project vertically 
to curve and from point of intersection 
project horizontally to left to read 
ratio R^/R 

Where X is less than 2 use inset scale 
for Ri/R 

This chart Is adapted from Fig. 5 in "Copper for Busbars" 
(Copper Development Association) 

Fig, 14-4 . — Skin effect in high conductivity copper 
rods at 20®C. 
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Based on the foregoing data, Tables 14:1 to 14:4 which follow give the 
current ratings for a selection of sizes of rectangular bats and round solid rods.' 

TABLE 14:1 

APPROXIMATE DIRECT CURRENT RATING (iNDOORS) FOR H.C. COPPER STRIPS 

AND BARS 


Dimensions 

Amperes 

Dimensions 

Amperes 

I* xis" 

225 

6"xi" 

2220 


325 

2"xf" 

I 080 

I' xr 

325 

3 "xr 

I 520 

li'xr 

470 

4"xr 

I 920 

2 ' xr 

590 

S'xf" 

2320 

r xi" 

485 

6"x|" 

2740 

irxr 

675 

2"xi" 

I 270 

2" xi" 

860 

3”xi" 

I 770 

2i"xr 

I 040 

4 "xi" 

2250 

3' xi" 

I 220 

5"xr 

2730 

4 " xi" 

I 560 

6"xr 

1 3 190 

s" xi" 

I 900 

8"xi" 

4090 


Ampere ratings are for single bars mounted on edge, freely exposed 
to still air and for a temperature rise of 50®C above an ambient of 
30®C (see comment on page 418). For a 30°C rise multiply by 
0-757. For a 4o°C rise multiply by 0-887. For a.c. ratings see 
formula page 421. For multiple bars multiply by factors on page 417. 
This table extracted from Table 2 ‘‘Copper for Busbars'* (Copper 
Development Association). 


JOINTS 

The first essentials for any joint that has to be made between busbar 
sections or between teed conductors and a busbar are (a) that it shall be 
mechanically strong and (b) it shall have a relatively low resistance at all 
times, i.e. its electrical efficiency should remain stable under all service 
conditions. 

The simplest and most widely used method of making a joint is by 
bolting or clamping the sections together, a method which is simple and 
flexible, and allows the joint to be dismantled if required. Other methods 
include riveting, soldering or welding but in each of these the joint must be 
regarded as permanent. 
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TABLE 14:2 

APPROXIMATE DIRECT CURRENT RATING FOR H.C. COPPER RODS 


Diameter 

Indoor 

amperes 

Outdoor 

amperes 

Diameter 

Indoor Outdoor 

amperes amperes 

i' 

140 

20s 

iV 

1580 2040 

r 

240 

340 

if" 

i960 2510 

V 

360 

48s 

2 " 

2350 3015 

r 

480 

645 

2V 

3190 4080 

r 

620 

810 

3" 

4030 5215 

r 

760 

990 

3V 

5 020 6 435 

i" 

910 

1 185 

4" 

6040 7710 

li" 

I 240 

I 595 



Ampere ratings determined on the assumption that the conductor 

is mounted horizontally, freely exposed to the air and a temperature 

rise of so C above an 

ambient of 30 C (see comment on page 418.) 

For indoor installations still air 

conditions have been assumed. 

For a 30° 

C rise, multiply by 0*757 ^ttd for 40 

°C rise multiply by 

0'887. For a.c ratings at 50 cycles see formula page 421. This 

table extracted from 

Table 3 

‘Copper for 

Busbars'' (Copper 

Development Association). 




In whatever method is employed, certain precautions must be taken to 
ensure efficiency, namely: — 

(a) The contact pressure must be ample and be maintained. 

(b) The conductor surface must be clean before the joint is made. 

(c) For aluminium bars and bimetallic joints, air and moisture must 
be excluded, 

(d) The overlap must be equal to or greater than the width of the 
busbar. 

In passing it may be noted that while bolted joints are compact and 
rehable, they have the disadvantage that holes must be drilled or punched 
through the conductors thereby reducing the effective area. This is avoided 
if clamped joints are employed and because of the extra mass of metal 
surrounding the joint it is cooler in operation. The disadvantage is the 
extra bulk which becomes a nuisance in certain classes of gear with metal- 
enclosed busbars. 

In the design of any joint the gross contact area is not of primary 
importance, for it has been established that current is transferred through 
the joint at numerous point contacts between irregularities on the contacting 
surfaces. It is well known that the number and effectiveness of these point 
contacts depends almost entirely on the pressure, and its distribution at the 
joint, whether by bolts or clamps. The effect of pressure on the contact 
resistance of a joint is demonstrated in Fig. 14-5, while the total pressures 
required per inch of width for joints to give 100 per cent efficiency are 
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TABLE 14:3 

CURRENT RATINGS FOR NORAL D 50 SWP ALUMINIUli ALLOY RECTANGULAR* 

BliSBARS 



I Bar 

2 Bars 

3 Bars 

4 Bars 

Size 

D.C. 

A.C. 

D.C. 

A.c. 

D.C. 

A.c. 

D.C. 

A.C. 



50 c/s 


50 c/s 


50 c/s 


so c/s 


Amperes 

Amperes 

Amperes 

Amperes 

l' Xi" 

356 

356 

718 

715 

980 

970 

120 

I 100 


520 

520 

I 030 

I 020 

1 380 

I 350 

1 585 

I 535 

2" xi" 

672 

670 

I 315 

I 290 

1 76s 

I 705 

2 050 

I 940 

24' xi' 

820 

812 

I 550 

I 510 

2 100 

2 000 

2 430 

2 260 

3' xi' 

970 

958 

I 805 

I 740 

2440 

2 310 

2 860 

2 620 

4" xi" 

I 260 

1 235 

2 260 

2 140 

3 060 

2 800 

3 640 

3 200 

s" xi" 

I 545 

1 505 

2 700 

2 510 

3 660 

3 240 

4410 

3 700 

6" xi" 

I 840 

I 780 

3 130 

2 860 

4 290 

3 680 

5 250 

4240 

2" xf' 

840 

830 

I 560 

I 500 

2 090 

I 970 

2 460 

2 260 

3' xf" 

I 210 

I 180 

2 180 

2 050 

2940 

2 660 

3 510 

3 030 

4" xf" 

I 550 

I 495 

2 710 

2 480 

3 660 

3 150 

4 400 

3 S6o 

s' xf" 

I 940 

I 860 

3 290 

2930 

4450 

3 660 

5 400 

4 200 

6' xf" 

2 260 

2 120 

3 770 

3 340 

5 140 

4 080 

6 300 

4 680 

8" Xf" 

2940 

2750 

4 800 

4 150 

6 500 

4 900 

8 060 

5 740 

3" xl" 

I 405 

I 355 

2450 

2 240 

3 290 

1 2 830 

4 000 

3 240 

4" xi" 

I 830 

I 740 

3 100 

2 720 

4 170 

3 360 

5 100 

3 900 

5' xi" 

2 230 

2 080 

3 720 

3 120 

5 040 

3 900 

6 170 

4550 

6" xi" 

2 620 

2 420 

4300 

3 500 

5 850 

4 400 

7 200 

5 100 

8" xi" 

3 380 

3 060 

5 450 

4450 

7 420 

5 300 

9 no 

6 150 

10" xi" 

4 080 

3 640 

6 500 

5 000 

8 860 

6 000 

10 900 

6 850 


Noral D 50 SWP (Magnesium Silicide Alloy) is the product of 
Alcan Industries Ltd. For their Noral CISM (99 *5% pure 
aluminium) busbar, multiply by i’03. The designations are 
proprietary ones for alloys corresponding to E91E and EiE 
materials to B.S. 2898. 

Ratings are based on a 50®C rise over 35°C ambient temperature 
in still but unconfined air. 

For multiple bars, the space between bars is equal to the bar thickness. 
Bars assumed mounted vertically on edge and a.c. ratings are based on 
spacings at which proximity effect is negligible. 

Ratings may be increased approximately 20% if the busbars are 
painted with non-metallic matt finish paint. 

This table extracted from Table 2 ‘‘Aluminium Busbar^ (see 
bibliography). 


oc 
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TABLE 14:4 


CURRENT RATINGS FOR NORAL D SO SWP ALUMINIUM ALLOY SOLID ROUND 

BUSBARS 


Diameter 

D.C. amperes 

A.C. 50 c/s amperes 

r 

155 

155 

K 

230 

230 


335 

335 

I*' 

43S 

435 

V 

550 

548 

i" 

690 

685 

iF 

945 

925 

ir 

I 200 

I 160 


Noral D 50 SWP is the product of Alcan Industries Ltd. It is 
the proprietary alloy designation for E91E material to B.S. 2898. 
Ratings are based on a 50°C rise over 35°C ambient temperature in 
still but unconfined air. 

A.C. ratings are based on spadngs at which proximity effect is 
negligible. 

This table extracted from Table 5 * ‘Aluminium Busbar** (see 
bibliography). 


given in Fig. 14-6. This, then, is the real method of judging a joint, i.e., a 
method based on the clamping or bolting pressure. In designing to this 
method, however, it is essential that due regard be paid to the stresses set 
up in the bolts. It is usual that the latter will be of different material to the 
conductor and if the stress intensities in the materials of the joint are high 
when cold, they may be excessive when the joint is warm so that a permanent 
set in one part may arise. It should be borne in mind too that the bolts will 
not be at the temperature of the conductor since they are not directly 
heated by the current. Fig. 14-7 shows the approximate force per bolt for 
various sizes of bolts, and applies to bolts tightened with a spanner or 
wrench of normal dimensions, when used by an average workman. 

The amount of overlap at joints is not dependent on the current transfer, 
because as previously indicated, the whole of the area is not effective in 
this respect. Rather, the overlap is determined by the number of bolts 
necessary to obtain the required pressure. The provision of a good overlap 
helps to preserve an efficient joint, particularly if coupled with the simple 
precaution of smearing the surfaces of the joint with vaseline, and scratch 
brushing just prior to making the joint. 
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Fig. 14-5. — Effect of pressure on the contact resistance of a joint between two 
copper conductors (Copper Development Association). 



Fig. 14-6. — Total pressures required per inch of width for joints to give 100% 
ejficiency between flat copper strips i" and i'' thick (Copper Development 

Association), 
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ISOO 2000 2S00 3000 3100 4000 4800 SOOO 9S00 


FORCE PER BOLT-POUND 

Fig. 14-7. — The approximate force per bolt developed by bolts of various sizes 
(Copper Development Association). 


In some cases, where joint surfaces are very rough or where high current 
densities are unavoidable or where highly corrosive atmospheres exist, 
surfaces to be joined together may with advantage be tinned. If this is 
adopted the tinning should be done immediately before the joint is clamped 
or bolted up and it should be noted that both the electrical conductivity and 
the protective action of a lead-tin solder decrease as the lead content 
increases. 

For jcjints between aluminium conductors a joint compound may be 
smeared on the faces before bolting up and one such compound has been 
recently developed by Aluminium Laboratories Ltd. specially for the 
purpose and is available under the trade name ‘^Densal*'.* 

If it is necessary to make a joint between a copper and an aluminium 
conductor, it has to be remembered that two dissimilar metals will be in 
electrical contact and if moisture is present electrolytic action will arise. 
The joint must therefore be made absolutely moisture proof using a grease 
as a joint compound or ^^DensaF' as previously noted. Alternatively a 
bimetal connector may be introduced. 

EXPANSION AND CONTRACTION 

When there are variations of temperature there will be either expansion 
or contraction of the conductor and unless some provision is made to 
accommodate changes in length, particularly on long runs, some damage 
may be caused either to the conductor itself or to the supporting structure. 

The co-efficient of the linear expansion of copper may be taken as 
0*000017 per degree Centigrade and that of aluminium as 0*000023 
degree Centigrade. 

* Manufactured by Messrs. Winn & Coales Ltd. Denso House, Chapel Road, London, S.E. 27. 
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Fig. 14-8 , — Thermal expansion and contraction of copper conductors relative 
to their length at 20°C (68°F) {Copper Development Association), 


Fig. 14-8 gives curves to determine the expansion or contraction of 
copper conductors relative to their length at 20°C (68®F). Thus the total 
change in length per 100 feet of a copper conductor between temp>eratures 
of o°C and 40®C will be o-4+o-4= o-8 inches. The expansion or contraction 
of a copper conductor relative to any temperature other than 20°C can be 
ascertained by drawing the line of zero expansion through the point of 
intersection of the curves and the ordinates corresponding to the temperature 
required. 

In the case of very short bars, it is usually not necessary to make any 
special provision to accommodate expansion or contraction as within the 
normal temperature range the amount will be small and will be taken up by 
a certain amount of flexibility in the supporting structure. In other cases 
and where long rigid runs are involved, some form of expansion joint 
should be introduced at intervals, some typical joints being shown in 
Figs. 14-9 and 14-10. 
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FLEXIBLE CONDUCTORS 



FLEXIBLE 



Fig 14-9 — Forms of expansion joints 



Fig 14-10 — Expansion joint for 1 200 ampere busbars 
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THE EFFECTS OF SHORT-CIRCUIT 

In Chapters III and IV it has been shown how the current which can 
flow when a short-circuit occurs can be calculated. It was seen that the 
magnitude of these currents can be exceedingly high and clearly any busbar 
or connection system must in some way be affected by them. 

The effects are two-fold. Firstly, the thermal effect which causes the 
conductor temperature to rise considerably due to the passage of the high 
value of current for a short period of time and secondly, the electromagnetic 
effect causing high forces of attraction or repulsion to be set up between 
conductors. 

Dealing with the thermal problem first, it may be stated that this is 
related largely to the time the fault current is allowed to flow. What that 
time is will depend on the characteristics of the nearest automatic protective 
device which should operate to clear the fault. 

If this device is a circuit-breaker the clearance time will depend largely 
on the form of protective gear and may vary from 0*02 to 0-5 or even i*o 
second.* If on the other hand the protective device is an h.r.c. fuse exhibiting 
a marked ‘'cut-off'* effect then the total clearance time may be as low as 
0*005 seconds or less depending on the fuse link rating and the magnitude 
and degree of asymmetry of the fault current. 

Because of various indeterminate but possible extensions of the total 
clearance time (sticky latching mechanisms for example) it is often expedient 
to allow for at least a clearance time of one second and sometimes more. 
B.S. 159 does in fact state: '^The duration of the rated short-time current 
shall be: — 

(i) 3-seconds where the ratio of the rated short-time current to the 
rated normal current is equal to or less than 40. 

(ii) I -second where the ratio of the rated short-time current to the 
rated normal current is more than 40." 

In short times such as those noted it may be assumed that all the heat 
produced is absorbed by the conductor and that there is not time for it to 
be dissipated from the conductor by radiation or convection. 

The thermal problem then is to determine the sectional area of the 
conductors to carry the calculated fault current for a defined time with a 
temperature rise which is safe not only for the conductor itself but for any 
insulation which may be in contact or in near contact and for sweated joints 
such as at cable sockets, etc. What this safe limit is, is a matter for decision 
taking all factors in a particular design into account and while some 
designers suggest a temperature rise of 175-200^0 as being reasonable, 
others suggest a safer limit of ioo®C. This latter figure has merit because 
it must be remembered that it is a rise above that at which the conductor 
may be running and this may well be 8o-90°C so that with ioo°C rise, a 
total temperature approaching 200®G is possible. It is worth pointing out 
here that solder which may be used at cable sockets will tend to soften at 
r8o°C and at higher temperatures will run out. 

There are therefore many arguments in favour of a reasonably low 
temperature rise although this can only be at the expense of more metal in 
the conductors. 

* Where LD.M.T, relays are used for the protection of ring main or other circuits (see Chapter 
XV), definite minimum tripping delap^ of up to 3 seconds may be imposed by the relays for 

discrimination purposes. 
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An approximate formula for calculating the temperature rise in degrees 
C per second above an initial conductor temperature of 30®C, due to a 
known current is as follows: — 

where 

T = Temperature rise per second, degrees C. 

I = Current in amperes r.m.s. symmetrical. 

A = Sectional area of conductor, sq. in. 
k =1-25 for copper; 2*8 for aluminium. 

A more accurate formula would be: 

T = k . (i+afl) IO-* 

where T = Temperature rise per second, degrees C. 

I = Current in amperes, r.m.s. symmetrical. 

A = Sectional area of conductor, sq. in. 
a = Temperature coefficient of resistivity at 20®C. per °C. 
= o '00393 for copper. 

= 0'00386. for aluminium 
= 0*0036 for aluminium alloy. 

6 = Temperature in degrees C of the conductor at the 
instant at which the temperatures rise is being obtained, 
k =1*25 for copper; 2*8 for aluminium. 

This formula is not easy to use because of the difficulty of ascertaining 0. 
Alcan Industries Ltd. have produced a series of curves, reproduced here 
at Fig. 14-11, from which the value — 

I/A .Vi 

can be deduced directly for a known initial temperature and a desired final 
temperature, for both copper and aluminium (Noral CISM). 

These curves are based on the formula — 

where I = Current in kiloamperes r.m.s. symmetrical, 
k = 146 for copper 

96 for aluminium (Noral CISM). 

92 for aluminium alloy (Noral D 50 WSP). 
a = Temperature coefficient of resistivity at 20°C per ®C 
(values as previously noted). 

A == Sectional area of conductor, sq. in. 

01 = Initial temperature degrees C. 

0F = Final temperature degrees C. 
t=time in seconds. 

As an example of the use of these curves, let us assume that the 
essential data is: — 

I = 46 kiloamperes. 
t = 3 seconds. 

01 = 20'^C. 

= I20°C (i.e. a rise of ioo®C). 
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Fig. 14-11 . — Curves to determine conductor areas for a known initial 
temperature and any desired final temperature {Alcan Industries Ltd.). 

Projecting a line across from I20°C on the vertical scale to the point of 
intersection with the curve for copper at an initial temperature of 20°C and 
then from this point a vertical line to meet the horizontal scale of I/AVt 
values at about 85, we get: — 

^ . Vs = 8s 

A = = 0-938 sq. in. 

For aluminium, the area required would be: — 

^ • Vs == 55 

A _ 46 . 173 

■ — ' = I *44 SQ, in. 

55 
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In the book "Aluminium Busbar" Thomas and Rata have produced a 
series of nomograms from which, given the essential data as in the foregoing 
example, the conductor area may be read directly for copper, aluminium 
and aluminium alloy. 

To consider now the electromagnetic problem it must first be appreciated 
that whereas in the thermal problem we were concerned with the r.m.s. 
S5mimetrical value of current and how long it lasted, here it is the peak 
current which occurs in the first half-cycle of short-circuit which determines 
the magnitude of the forces between adjacent bars. This peak current will 
have a value dependent on the degree of asymmetry and the power factor 
and where the latter is low (0*15 or less) then it may be 2*55 times the r.m.s. 
symmetrical value and for power factors of about 0-3, it will be 2*0 times. 

Thus we find, taking one common example, that for a known short- 
circuit value of 31 MVA at 415 volts the short-circuit currents will be: — 
Symmetrical r.m.s. amperes: 43 300 

Initial peak amperes 0*15 PF no 415 
Initial peak amperes 0-3 PF 86 600 

In all formulae to determine the forces set up under short-circuit 
conditions, it will be seen that the current value has to be squared so it is 
obvious, with the figures for the initial peak as indicated above, that the 
forces may be quite high. The design of the supporting structure must 
therefore be such as to ensure the safety of the busbars. 

The formulae given in Fig. 14-12 are taken from the book "Aluminium 
Busbar" by Thomas and Rata, and a study of these will show that in the 
case of 3 -phase alternating current systems, the worst condition is that of a 
fault between two lines (for calculation of such a fault see Chapter IV.) 

All the formulae given are based on the assumption that the conductors 
are of circular cross-section and it is necessary to apply a correction factor 
when conductors of rectangular cross-section are used. This factor, denoted 
by the letter K is obtained from the curves in Fig. 14-13 from which it will 


be seen that the ratio 


s— a 
a+b 


has first to be calculated and then the value of K 


can be read from the curve for the correct ratio a/b. Having obtained K it 
is simply introduced as a multiplier into any of formulae in Fig. 14-12 thus: — 
— 43*2 * * 1^ * K 


Fm = 


Ibs./ft. run 


A study of these curves will show that for bars spaced far apart, K 
approaches unity, and that while it is a maximum for very thin conductors, 
it is practically negligible for bars of square section. 

That the forces due to short-circuit current can be substantial is shown 
in Table 14:5 where the approximate peak force in pounds per foot run is 
given for different values of MVA at 415 volts and based on the assumption 
of maximum asymmetry i.e. the r.m.s. symmetrical value of fault current as 
determined from short-circuit calculations has been multiplied by 2 ’55. 

This table shows that by increasing the spacing between phases an 
easement in electromagnetic forces is obtained and although this is desirable 
in many ways, it can only be at the cost of larger busbar enclosures. It may 
be noted in passing that increasing the spacing will increase the reactance 
of the busbars (see Chapter III). 
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D.C. OR WHEN \i I, ARE INSTANTANEOUS 
VALUES OF A.C CURRENT. IF THE CURRENT IN 
THE TWO BARS IS EQUAL, USE !• INSTEAD OF 
THE PRODUCT 1^ I,. 



A.C SINGLE PHASE CIRCUIT. FULLY OFFSET 
ASYMMETRICAL WAVE (CONDITION FOR MAXI- 
MUM FORCE). ALSO SINGLE PHASE SHORT- 
CIRCUIT (LINE/LINE) ON A 3-PHASE BUSBAR. 


A.C. THREE PHASE CIRCUIT. HORIZONTAL BUS- 
BARS. FULLY OFFSET ASYMMETRICAL WAVE IN 
PHASE A (CURRENT WAVE CANNOT BE FULLY 
OFFSET IN ALL PHASES). 



A.C. THREE PHASE CIRCUIT. HORIZONTAL BUS- 
BARS. CONDITIONS OF ASYMMETRY TO GIVE 
MAXIMUM FORCE ON OUTSIDE PHASE A OR C. 



Fm 


34-9. 10-’. I* 


Ib/ft. 


A.C. THREE PHASE CIRCUIT. HORIZONTAL BUS- 
BARS. CONDITIONS OF ASYMMETRY TO GIVE 
MAXIMUM FORCE ON CENTRE PHASE B. 



Fm 


37 ^ 4 . 1 ^ 

S 


Ib/ft. 


A.C. THREE PHASE CIRCUIT WITH EQUILATERAL 
TRIANGULAR BUSBARS. CONDITIONS OF ASYM- 
METRY TO GIVE MAXIMUM FORCE ON ANY 
PHASE. 


F — Force between conductors in lbs per foot. 

Fm = Force obtained when conditions of asymmetry are such that the maximum 
possible force is obtained (Ib/ft.). 

I = r.m.s. current in conductors (amperes) (the factor representing the peak value 
of the wave in terms of the r.m.s. value for maximum asymmetry is contained 
in the numerical term of the force equation. Hence the r.m.s. value of current 
should be used in all calculations). 

Ii It = Current in conductors i and 2 where they are different (amperes). 

S = Spacing between conductors (centre to centre) mches. 

Formulae are correct for circular conductors and correction factor should be applied for 

rectangular conductors — see page 434 and Fig. 14-13. 

Fig. 14 - 12 . — Formulae for calculating the instantaneous peak short-circuit 
forces {Alcan Industries Ltd.). 
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Fig. 14-13. — Shape factor for rectangular conductors {The 
Copper Development Association). 
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TABLE 14:5 

ELECTROMAGNETIC FORCES ON BUSBARS OF RECTANGULAR SECTION, MOUNTED 
ON EDGE, AND IN HORIZONTAL PLANE 


Spacing 

(centres) 



MVA 



10 

15 

20 

25 

30 

35 

Ins 

Approximate peak force in lbs. 

per foot run 

I 

600 

I 32s 

2 460 

3 670 

5 300 

7 200 

3 

200 

440 

820 

I 200 

I 770 

2 400 

5 

120 

260 

490 

730 

I 060 

1 440 

7 

8s 

190 

350 

520 

760 

I 030 

9 j 

65 

145 

270 

400 

590 

800 


CLEARANCES 

The following tables 14:6, 14:7 and 14:8 are taken from B.S. 159: 1957 
(Busbars and Busbar Connections) which should be consulted for other 
tables relating to open outdoor gear from 22kV to 275kV and for notes on 
the special circumstances relating to electrically exposed systems, i.e. 
systems in which the apparatus is subject to over-voltages of atmospheric 
origin. 

TABLE 14:6 

CLEARANCES FOR OPEN AND ENCLOSED INDOOR AIR-INSULATED BUSBARS AND 
CONNECTIONS ELECTRICALLY NON-EXPOSED 


Rated voltage 

Minimum clearance 
to earth in air 

Minimum clearance 
between phases 
in air 

kV 

Open 

inches 

Enclosed 

inches 

Open 

inches 

Enclosed 

inches 

Up to and including: 0*415 

i 

1 

I 

i 

o*6o 

I 

f 

li 

1 

3-3 

2 

2 

2 

2 

6*6 

2i 

2i 

3 i 

3 i 

II 

3 

3 

s 

5 

15 

4 

4 

6i 

6i 

22 

si 

si 

9i 

9i 

33 

8f 

8i 

14 

14 

Note: Indoor type equipment for electrically exposed installations 
requires special consideration. 
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TABLE 14:7 

CLEARANCES FOR OPEN OUTDOOR BUSBARS AND CONNECTIONS NOT EXCEEDING 
I skV RATED VOLTAGE FOR ELECTRICALLY EXPOSED OR NON-EXPOSED INSTALLA- 
TIONS 


Rated voltage 

Minimum clearance 

Minimum clearance in 

to earth in air 

air between phases 

kV 

Inches 

Inches 

6-6 

si 

7 

11*0 

7 

9 

iS-o 


loi 

Note: The above clearances are to be regarded as minimum values 
which may be used in any circumstances. Where the method of 
mounting insulators is not such as to prevent lodgement of birds or 
vermin, it may be necessary to employ larger clearances. 


TABLE 14:8 

CLEARANCES FOR BUSBARS AND BUSBAR CONNECTIONS IMMERSED IN OIL OR 

COMPOUND 


Rated voltage 

Minimum clearance 
to earth 

Minimum clearance 
between phases 

kV 

Inches 

Inches 

Up to and including: o*66 

i 

i 

3 ’3 

i 

f 

6*6 

1 

I 

II 

I 


15 


If 

22 

if 

2i 

33 

2i 

Zi 
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CHAPTER XV 
PROTECTIVE GEAR 


When anything abnormal occurs in the apparatus, cables or overhead lines 
of an electrical system, some action is necessary to isolate the abnormal 
condition either instantaneously or, in some circumstances, after a pre- 
determined time delay. Such action must be automatic and selective, i.e. 
it must segregate the faulty section or piece of equipment leaving the hedthy 
remainder in normal service. This is the function of protcr^-vj gear which, 
in one form or another, is designed to sense the presence of dangerous 
conditions and based on this sensing, to isolate the circuit. 

In very broad terms, the abnormal conditions against which protection 
is required may be summarised as follows: — 

(a) The condition of overloading which, if persistent, leads to over- 
heating of transformer or machine windings and cables or damage 
to other plant. 

(b) The failure of insulation to an extent where a dangerous leakage 
of current can occur to earth. 

(c) The faulure of insulation to the extent where a short-circuit occurs 
between two or three phases. 

(d) The loss of, or a serious drop in, system voltage causing, for 
example, motors to stop. 

In the case of conditions (b) and (c) external events may produce similar 
results, e.g. if vermin obtain access to bare conductors. 

Many electrical circuits can be given adequate protection against these 
conditions by the application of relatively simple trip coils or relays but 
these have limitations which lead to the need for more complex and special 
protective schemes, examples of which are those applied to highly inter- 
connected power systems such as the ‘'Grid'' system in Great Britain. 
For our purpose here it is convenient to consider first the simpler schemes 
and follow with some details of those of greater complexity. In passing we 
may note that perhaps the simplest of all protective devices is the fuse, 
types of which can be used either to cover both conditions (a) and (c) or to 
cover mainly condition (c). These alternatives have been considered in a 
fairly full discussion on the l.v, fuse as a protective device in Chapter XII 
and, to a lesser extent, in Chapter XVIII on h.v. fuses, so that further discus- 
sion here is unnecessary. 

It is doubtful whether the fuse will act as a protective device for condition 
(b) as so much depends on the resistance of the earth circuit and, even in 
good initial circumstances, deterioration can occur. Given a very low value 
of earth path resistance, fuses of relatively low normal current rating 
(probably not exceeding 8o amperes) can give a degree of earth-fault 
protection but will not give any against earth-leakage where it is required 
to detect small values of current. 
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Next in order of simplicity is the direct-acting overload trip coil which, 
with some limitations which will be noted, can protect simple feeder or 
motor circuits against the abnormal conditions (a) and (c). In certain types 
of switchgear, mainly in the medium-voltage range, these coils can be of 
the series or whole current patterns, in which the coil is connected in series 
with the main circuit. Operating on the electromagnetic principle the coil 
acts as a solenoid with a central plunger, the latter being free to lift under 
electromagnetic influence to impinge on the circuit-breaker trip mechanism. 
There are, however, certain limitations as to the use of this type of coil, 
the first being that for high currents the production of a single-turn coil 
having sufficient conductor section is not easy — in one design for 800 amperes 
such a coil has been produced by suitably machining a solid block of copper 
— and the second being that at low currents a large number of turns of small 
cross-sectional area are necessary and such a coil is subjected to greatly 
increased stresses (electromagnetic and thermal) on the passage of short- 
circuit current. How coils of the latter type can affect the overall inter- 
rupting ability of a circuit-breaker has been noted in Chapter VI. 

When these limitations apply and always in higher voltage switchgear, 
the direct-acting trip coil may be arranged for operation from the 5 ampere 
(or I ampere in some cases) secondary of a current transformer, the primary 
winding of which will be suited to the normal current rating of the circuit. 

This arrangement virtually isolates the trip coil from the primary 
circuit, the coil being completely relieved pf stresses under short-circuit 
conditions as, at heavy currents, the transformer will saturate to place a 
limit on the secondary current. A further advantage is that should the 
normal rating of the primary circuit be changed, it may only be necessary 
to change the current transformers, the trip coil remaining undisturbed. 

In both types of direct-acting trip coil, the operating current value is 
usually adjustable either by varying the magnetic gap or, in some designs, 
modifying the tension of a restraining spring. Calibration markings will be 
provided to indicate the various setting points, varying from the lowest 
coinciding with the rated normal current to the highest at three times this 
value. 

If no other steps are taken, trip coils of either type will operate practically 
instantaneously as soon as the current reaches the setting value. In a majority 
of circuits this is unwarranted and, indeed, in some cases where switching-in 
current surges occur, instantaneous operation would make it impossible 
to switch in a transformer or start a direct-on-line motor. All electrical 
apparatus can withstand some degree of overloading for a short time without 
damage, the heavier the overload the shorter the time it can safely be 
sustained. It is desirable, therefore, that some form of time delay device be 
added to the trip coil assembly which will give long delay times (relatively) 
at low values of overload, and shorter (maybe instantaneous) delay times as 
the current increases to short-circuit values. In other words, the retarding 
device should have an inverse time/current characteristic. 

This may be achieved in two ways. Firstly, when a series connected 
overload trip coil is used, an oil dashpot can be attached in which is a piston 
connected to the lower end of the solenoid plunger. This piston, immersed 
in oil, provides the retardation element in such a way that the time of 
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operation is related to the pull on the plunger, this pull being directly 
related to the current in the coil. 

When the trip coil is transformer operated, time delay is obtained by 
connecting a time limit fuse across the trip coil terminals, i.e. in parallel. 
This fuse should have an inverse time/current characteristic and will 
normally carry the current transformer secondary current to by-pass the 
trip coil. As and when sufficient current occurs to ‘*blow** this fuse, the 
whole current is then transferred to the trip coil which operates to trip the 
breaker. 

The foregoing discussion is illustrated by the single line diagrams 
Fig. 1 5- 1. 




TIME 

LIMIT 

FUSE 


(b) 


(a) SERIES (WHOLE) CURRENT TRIP COIL WITH OIL DASHPOT TIME LAG. 

(b) CURRENT TRANSFORMER OPERATED DIRECT-ACTING TRIP COIL WITH 
TIME-LIMIT FUSE. 

Fig. 15-1. 


Reverting for a moment to the oil dashpot form of time delay it may be 
noted that for use in temperate climates and where there is no wide range of 
operating temperatures, a mineral oil of suitable characteristics may be used 
satisfactorily in the dashpot. Such oils, however, have a rather steep 
viscosity/temperature curve, i.e. as the temperature rises so the oil becomes 
less viscous and there can be a significant reduction in the time delay 
property. This is particularly important if the apparatus is to be used in 
tropical or sub-tropical climates when high ambient temperatures can exist 
and possibly vary over wide limits, where normal oils may have so diminished 
in viscosity as to give little or even no time delay. One solution to this 
problem lies in the use of a silicone fluid which has a relatively flat viscosity/ 
temperature characteristic when compared with that of mineral oil, a point 
demonstrated in Fig. 15-2. 

The simple nature of the direct-acting trip coil is such, however, as to 
make it unsuitable in certain circumstances as for example where a high 
degree of accuracy in both current and time settings is essential or where 
two or more circuit-breakers in series are required to trip discriminatively. 
Accuracy may not be too important in many circuits and relatively wide 
tolerances can be accepted. The need for discriminatory tripping on the 
other hand may arise in even the simplest of systems such as that shpy^ in 
Fig. 15-3 where one incoming feeder vdth 400 ampere overlojii coiSgives 
supply to two outgoing feeders each with 200 ampere coils. 
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Fig. 15-2. — Showing relative variation in viscosity with temperature change 
between silicone fluid 500 Cs DC200 and mineral oil SAE 30. 
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Fig. 15-3 . — Simple series circuits. 
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If we assume that a fault occurs on feeder C as marked F, it is clear that 
the resultant current will flow through the two circuit-breakers A and C 
in series and unless the time delay on A exceeds that on C by a safe margin, 
both breakers will open. This, of course, is not necessary as to clear the 
fault only breaker C need be oj^ned, leaving A closed to maintain the 
supply to feeder B. To ensure discrimination, the time delay at A should 
be at least o-2 seconds longer than at C for the same value of current but 
when the latter is of short-circuit magnitude it is unlikely that any difference 
can be achieved and both will operate instantaneously. 

This problem can be solved by the use of special time delay devices 
but much more satisfactory results are obtained by the use of relays which 
have an inverse definite minimum time delay characteristic and which 
provide, incidentally, a very high degree of accuracy in relation to both 
current and time settings. It must be noted, however, that the emplo)nnent 
of a separate relay requires additional tripping facilities at the circuit-breaker, 
arranged to be energised from a separate source of supply, e.g. a 30 volt 
tripping battery as shown in Fig. i5-^(a). 




NO VOLT 
TRIP COIL 


Fig. 15-4. — Circuit-breaker tripping schemes when protective relays are used. 


Here it will be seen that when the relay operates to close its contacts, 
the circuit to the trip coil is completed and a plunger is lifted to act on the 
trip mechanism of the breaker. When a circuit-breaker in a particular 
part of a system is fitted with a no-volt trip coil, this may be used instead 
of the shunt type coil and battery, the contacts on the relay in such case 
being arranged to open on operation and open-circuit the no-volt coil as in 
Fig. is-4(b). A further alternative is to arrange a current transformer 
operated direct-acting trip coil which is normally short-circuited by a pair 
of contacts on the relay as shown in Fig. 15-5. Operation of the relay opens 
these contacts to remove the short-circuit and the full current transformer 
output is now passed to the trip coil to operate the circuit-breaker. 

The inverse definite minimum time relay (known as I.D.M.T. for brevity) 
Hftlp characteristic time/current curve based on standard values given in 
Table No. 7 of B.S. 142 : 1953 and reproduced here as Fig. 15-6. 
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Fig. 15-5. — Relay and trip coil wired for series tripping. 

This basic curve shows that when the current reaches short-circuit 
magnitude, no further reduction in operating time occurs below about 
2*2 seconds, i.e. it has a definite minimum time of operation. The relay is 
fitted with an adjustment known as the “time multiplier", a device which 
controls the position to which the rotor in the relay resets after operation 
and thereby determining the travel the rotor has to make before it closes 
its associated contacts. This adjuster has a scale marked from 0*05 to i*o 
and it is at this latter value (unity time multiplier) that the curve in Fig. 1 5-6 
is representative. Thus, if at unity time we obtain a definite minimum of 
2*2 seconds, at 0*5 on the time multiplier we shall get a definite minimum 



PLUG SETTING / MULTIPLIER 

Fig. 15-6. — Basic timejcurrent characteristics of LD.M.T. relay. 
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of I - I seconds and at 0*05 obtain o*i i seconds definite minimum. This gives, 
therefore, a range of definite minimum times of o*i if to 2*2 seconds and with 
a number of relays in series, usilig a different time multiplier for each, 
discrimination can be obtained between them regardless of the current 
magnitude. 

In practice it is essential that the difference in definite minimum times 
between adjacent series relays shall be such as to cover the operating and 
arcing time of the circuit-breaker clearing the fault, an allowance for relay 
over-run and a further allowance for manufacturing tolerances. These 
factors may quite easily account for a total time of about 0*4 seconds and for 
safety, a difference between series relays of 0*5 seconds is often employed. 
This means that with a range of definite minimum times of 0*11 to 2*2 
seconds, not more than five relays will be possible in series and, because 
of this, relays can be obtained having higher upper limits, e.g. 4 seconds, 
thus permitting the use of more relays in series. 

In some circumstances, the differential of 0-5 seconds can safely be 
reduced as for example when it is known that the circuit-breaker has a 
high-speed clearance time (0*2 second has been assumed for this in our 
value of 0-5 second) or when the relays have an over-run time less than the 
permissible o*i second given in B.S. 142. 

For the purpose of demonstration, however, it will be assumed that a 
difference of 0*5 second is allowed as between the I.D.M.T. relays associated 
with circuit-breakers A, B, and C in Fig. 15-7. Using time multipliers of 
1*0, 0*75 and 0-5 respectively for relays Ri, R2 and R3, we obtain three 
time-current curves as shown and indicating that for a fault at Fi, relay Rg 



Fig. 1 5-7 . — Showing time-grading between relays in series. 
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and circuit-breaker C will operate to clear the fault leaving breakers B and A 
in service. 

Reverting to Fig. 15-3, it would be permissible to apply an I.D.M.T. 
relay at circuit-breaker A and ordinary direct-acting magnetic overloads 
with oil dashpot time-lags at circuit-breakers B and C provided that the 
correct time discrimination is maintained at maximum fault level. Typical 
time/current characteristics would be similar to those in Fig. 15-8. 



AMPERES 

CURVE 1 TIME/CURRENT CURVE FOR I.D.M.T RELAY AT BREAKER A FIG 15-3 
CURVE 2 TIME/CURRENT CURVE FOR SOLENOID OVERLOAD COIL WITH OIL 
DASHPOT ON BREAKERS B & C FIG. 15-3 

Fig. 15 - 8 . — Discriminating timejcurrent curves for overload protection-breakers 

in series. 
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The Disrating coil in an overcurrent LD.M.T. relay is tapped to corres- 
pond to different current settings, usually covering the range 50-200% Jn 
seven equal steps although other ranges are available. The tappings are 
brought out to a plug bridge (shown in Fig. 1 5-9) for easy selection, and for 
any current above that chosen, the rotor will rotate and complete a pair 
of contacts in the breaker trip coil circuit at the end of its travel. At currents 
less than the setting, movement is prevented by a restraining spring. 

Thus, this current setting device enables discrimination to be main- 
tained at low overloads where two circuit-breakers in series have current 
transformers of the same ratio. 



Fig. 15-9. — Connections for non-directional LD.M.T, relay. 

If we refer back to Fig. 15-7 and recall what has been demonstrated in 
Chapters III and IV, it will be clear that the value of fault current at Fi will 
be determined by the impedance of the generator plus that of the inter- 
vening cables or overhead lines between breakers A and C. If we now 
assume the fault to occur at F2 however, the only impedance is that of the 
generator and therefore the fault current can be considerably greater. 
Because relay Rj at breaker A has the longest time characteristic, this heavier 
fault current will be maintained for a relatively long period unnecessarily. 
To overcome this disadvantage, relay manufacturers have developed an 
instantaneous overcurrent element which can be added to the normal 
LD.M.T. relay and which can be set to give instantaneous tripping at high 
values of overcurrent, for example at 20 times normal full-load and operating 
in 0*02 seconds, instead of waiting for the LD.M.T. relay to operate. It will 
be obvious that this high set instantaneous relay element to override the 
inverse relay at specified current values can be applied equally to relay 
R2 and Ra, the current setting getting progressively lower as we leave the 
source of supply. It can be applied also to transformer feeders such that for 
faults on the primary side of the transformer, the instantaneous element 
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FAULT CURRENT-AMPERES 

I.D.M.T. RELAYS ALL SET AT 125% INSTANTANEOUS HIGH SET RELAYS 

R1 SET AT 500 A ON 0-125 T.S.M. R1 SET AT 3000 A 

R2 SET AT 125A ON 0-15 T.S.M. R2 SET AT 1400A 

R3 SET AT 62-5A ON 0-1 T.S.M. R3 SET AT 500A 

T.S.M.=TIME SETTING MULTIPLIER 

NOTE; THE EFFECT OF THE INSTANTANEOUS ELEMENT IS TO REDUCE THE OPERATING TIME IN 
THE SHADED AREAS TO 0.02 SECOND THUS GIVING HIGH-SPEED OPERATION OVER A LARGE 

PORTION OF THE CIRCUIT. 

Fig. 15 “ io. — Characteristics of combined I.D.M.T. relays and high set in- 
stantaneous relays. {Based on Fig. 3 of the article by R. W. Newcombe in 
**The English Electric Journal**, March 1956, noted in bibliography.) 
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would operate whereas for faults on the secondary side, when the fault 
current in the primary is reduced due to triinsform^ impedance, the invei?$e 
element would be operative as dictated by the time grading. 

Fig. 15-10 will serve to illustrate the application of I.D.M.T. relays 
combined with high set instantaneous relays. 

The inverse definite minimum time relay noted assumes a characteristic 
time/current curve to B.S. 142 but in passing it may be noted that relays 
having what are described as *Very inverse D.M.T.*' and '^extremely 
inverse D.M.T.'^ are available. These relays have been developed by The 
English Electric Co. Ltd. to cover (a) those cases where there is a substantial 
reduction of fault current as the distance from the power source increases 
and (b) for the protection of feeders where peak switching-in currents are 
experienced so that the relay has a long time- characteristic at peak current 
values. The “extremely inverse" relay also finds application where 
discrimination with quick-acting fuses is necessary. The characteristics 
of these special relays and examples of their application have been noted 
in some detail in an article by Newcombe (see bibliography). 

Up to this stage, the abnormal conditions against which protection has 
been sought have been those involving two or three phases of a three phase 
system, i.e. conditions (a) and (c) of our original summary. At least initially, 
however, most fault conditions arise due to an insulation failure on one 
phase allowing current to flow to earth, a condition wh ch may lead rapidly 







(«) 


NOTE: 

IF A FULL WAVE RECTIFIER 
IS INTERPOSED BETWEEN 
THE C.T. SECONDARY 
AND THE RELAY, THE 
LATTER CAN BE A DC 
TELEPHONE TYPE GIVING 
MORE SENSITIVE TRIPPING 


Fig. 1 5- 1 1 .- — Basic forms of earth-fault protection* 



454 


THE J. & P. SWITCHGEAR BOOK 


to a fault between phases and, in passing, of danger to personnel. It is 
therefore desirable to consider some form of protection which will detect a 
fault to earth and disconnect it from the system in the shortest possible time. 

In a limited number of switchgear types in the medium-voltage range, 
this form of protection can be achieved by a single direct-acting trip coil 
but, as in the case of an overload coil, it is unsuitable where discrimination 
is necessary and generally it is not too sensitive. Greater sensitivity can be 
obtained by using a moving-coil relay operated from a full wave a.c./d.c. 
rectifier but for discrimination and sensitivity a relay of the I.D.M.T. type 
offers the best solution. 

The single trip coil or relay employed for earth leakage or earth-fault 
protection will be connected in the secondary circuit(s) of one or more current 
transformers as shown in Fig. 15-11. In this illustration, (a) and (b) 
represent two forms of core-balance current transformer, that at (a) with the 
three primary conductors passing through a simple ring core without break 
while at (b) the core has three primary windings to which the primary conduc- 
tors are connected. At (c) is shown how a single current transformer may be 
inserted in the neutral earth connection of a generator or transformer, a 
scheme which, when applied to a transformer, can be arranged to trip out 
the circuit-breakers on both the primary and secondary sides. At (d) and 
(e) schemes are shown using three or four individual current transformers 
on three-wire or four-wire circuits respectively. In each of these except 
that at (c) the principle of operation is based on the fact that in a balanced 
circuit, currents in the three lines sum up to zero as shown vectorially in 
Fig. 15-12. When a fault between one line and earth occurs, this balance 



R 



Fig. 15-12 . — Showing how currents in a healthy balanced three phase circuit, 

sum up to zero. 


is upset and the out-of-balance, or residual current, is fed to the relay and if 
this current is equal to the relay setting operation occurs to cause dis- 
connection of an associated circuit-breaker. 

A balanced circuit as in Fig. 15-12 does not necessarily require that 
each current vector R.Y.B. must be equal in magnitude or phase. With 
loads which are unbalanced, the current in each line may indeed be unequal 
but, so long as the system is healthy, i.e. no earth-fault or leakage exists, the 
three vectors representing these currents will still form a closed triangle 
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and the protective gear will not function. Only when current from one line 
flows via earth and the earthed neutral point of thb system is the balance 
upset and the three vectors will then not form a closed triangle. 

This theory, outlined in simple language, is related to symmetrical 
components as discussed in Chapter IV involving zero phase sequence 
current. It is important to note that these forms of protective gear do not 
give protection against so-called ‘'single phasing*', i.c. an open circuit on 
one line. Note also that technically there is a difference between (a) (b) and 
(d) (e) in Fig. 15-1 1 in that with (a) and (b) it is the fluxes in the core which 
are normally balanced whereas in (d) and (e) the balance is between the 
three or four secondary currents. 

Applied to an open-ended radial feeder this type of protection functions 
to isolate that circuit and no other when a fault occurs on the feeder. If 
applied to an incoming feeder it will function to disconnect that feeder and 
the supply to the switchboard will be lost, even though the fault is on 
outgoing feeders. This is true also if applied to a generator or transformer 



Fig. 15-13. — Unrestricted earth-fault protection. 


POWER FLOW 
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C.B. CIRCUIT-BREAKER C.T. PROTECTIVE CURRENT TRANSFORMER C.B.A. CIRCUIT-BREAKER AUXILIARY SWITCH 
T.C. TRIP COIL O.C.R. OVERCURRENT RELAY E.F.R. EARTH FAULT RELAY 
P.F. & L. PROTECTIVE FUSE AND LINK B. BATTERY 

Fig. 15-14 . — Overcurrent and earth-fault protection of a three phase deltajstar connected tran^ormer. 
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circuits, as in Fig. 15-13, in any of the forms shown. In all these cases the 
earth-fault may occur at points well beyond the irhmediate circuit to which 
the protection is applied but because the protective gear cannot discriminate, 
the circuit-breaker controlling the source of supply will be opened un- 
necessarily. 

It follows from what has been said that earth-fault protection should 
be applied to individual outgoing feeder circuits and not to an incoming 
feeder which gives supply to a group of circuits and, if it is applied to a 
generator or transformer circuit, it should be of the type known as 
^‘restricted'* earth-fault protection. 

Fig. 15-14 shows how overcurrent and earth-fault protection may be 
applied to the primary and secondary sides of a three phase delta/star power 
transformer. 

On the primary (delta) side, the use of three current transformers, 
connected as shown to the earth-fault relay, give restricted protection, i.e. 
to the delta winding only as this is unearthed. On the secondary side, 
however, we must add a fourth current transformer in the neutral connection 
to earth if we wish to restrict the earth-fault protection here to the secondary 
windings and connections thereto. This fourth current transformer is 
connected in parallel with the three line current transformers and the 
protective system will now discriminate between faults external to the 
protected zone and those within the zone, operating only for the latter as 
indicated in Fig. 15-15. 

For the sake of simplicity, the secondary current in the upper diagram 
is shown to be wholly circulating through the relay. In fact, a part of this 
current divides to pass through the secondary windings of the three line 
current transformers which are in parallel with the one in the neutral 
connection. The exact division will depend on the relative impedances of 
the relay coil and the secondary windings but it must be remembered that 
this division of current will have an effect on the relay settings. Kaufmann 
(see bibliography) deals with this problem at some length in his book. 

It will be noted in Fig. 15-14 that (a) a dummy balancing impedance 
has been connected in series with the neutral current transformer on the 
secondary side of the power transformer and (b) a stabilising resistor has 
been connected in series with the earth-fault relay. The purpose of (a) is to 
balance the line and neutral current transformers when an external fault 
occurs and the dummy impedance must be equal to that of one of the over- 
current relay elements. The stabilising resistor (b) is applied where the 
earth- fault relay is of low impedance such that “spill" currents may be 
sufficient to operate the relay in circumstances not calling for such operation. 

In any form of balanced protection, stability must be maintained during 
a “through-fault", i.e. the passage of fault current to another (possibly 
remote) part of the system and demanding clearance at that other point. 
Unless the three current transformers are perfectly matched in ratio and 
other characteristics, these through currents, often of extremely high 
magnitude, can readily cause a “spill" current to appear at the relay and if 
of sufficient magnitude, cause it to operate. This is a particular hazard when 
a sensitive earth-fault relay is set to operate at one ampere or less as no 
matter how well the current transformers are designed and manufactured 
the primary current will not be reproduced perfectly in the secondary and 
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SHOWING OPERATION ON FAULT INSIDE ZONE 



RESTRCTEO 
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J 

SHOWING NON-OPERATION ON FAULT OUTSIDE ZONE 

Fig. 15-15 . — Diagrams showing principle of restricted earth-fault protection 

for transformers. 
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a **spiir' current will result. The stabilising resistor is therefore added to 
increase the impedance of the relay circuit and to reduce the value of spill 
current reaching the relays. 

Many medium-voltage systems operate as four-wire and here restricted 
earth- fault protection for a star winding is applied in one of two ways 
depending on whether the neutral is earthed direct at the winding or at 
some point on the load side of the protective current transformers. ]^th 
conditions are noted in Fig. 15-16 from which it will be seen that either 
five or four current transformers must be employed. 



Fig. 15-16 . — Restricted earth-fault protection applied to a four-wire system 
using five or four current transformers. 


When both overcurrent and earth-fault protection is applied to a circuit 
by I.D.M.T. relays, two overcurrent and one earth-fault elements are 
generally combined in a single relay, connected as in Fig. 15-17* The 
earth-fault element will be very similar to those we have discussed for 
overcurrent conditions but the operating coil will be tapped to cover a 
range of 10% to 40% in seven equal steps. Its application on a time graded 
basis arranged to give discrimination with relays in series will also be as 
discussed for overcurrent. 

Up to this point we have considered the use of I.D.M.T. relays for the 
protection of simple *‘open end"' feeders and for feeders in series. It will, 
however, be clear that if applied to two or more feeders in parallel some 
other feature will be necessary to ensure that only the faulty feeder is 
disconnected. A typical system of this type is shown in Fig. 15-18 where 
three feeders are connected in parallel between a generating station and a 
remote supply point. 
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Fig. 15-17. — Combined overcurrent and earth^fault relay. 


For such a system, the use of overcurrent and earth-fault relay protection 
is still valuable, but the relays used at the receiving end must be of the direc- 
tional type; that is, they must operate only in one direction of feed, which is 
that of feeding a fault. 

Referring to Fig. 15-18, let it be assumed that a fault occurs on No. 2 
feeder as shown at F. It will be seen that this fault is fed via three routes, 
(a) directly along feeder No. 2 from the power source, {b) from feeder No. i 
via the receiving end busbars, and (c) from feeder No. 3 via the receiving end 
busbars. Thus, to clear the fault, it is necessary that the two circuit- 



DIRECTIONAL RELAY 

If - DIRECTIONOF FAULT CURRENT FLOW 
X - CIRCUIT-BREAKER 


RECEIVING 

END 


Fig. 15-18. — Application of directional and non-directional relays to parallel 

feeder protection. 
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breakers on No. 2 feeder (one at each end) open, while all other breakers 
remain closed. It will be noted that on the cirduit-breakers at the power 
source end, relays of the non-ditectional type are used while, at the receiving 
end, the relays are directional, operating only when fault power is feeding in 
the direction of the arrow. This being so, it is clear that with a fault at F, 
all three relays at the power supply end will start to operate while, at the 
receiving end, only the relay on feeder No. 2 will start. But, we do not want 
the circuit-breakers on feeders Nos. i and 3 at the source to open, and that 
they remain closed is assured by reason of the fact that the fault current 
in these two feeders is very much lower than that in feeder No. 2 — ^because 
it is divided in two parallel paths, each of greater impedance than that of the 
direct feed. Also, by using inverse time characteristic relays, the operating 
times will be long by comparison and the circuit-breakers at either end of 
feeder No. 2 will have isolated that feeder before relays i and 3 have com- 
pleted their travel, thus clearing the fault and enabling these relays to reset, 
and feeders i and 3 to remain in service. The exact distribution of current 
under fault conditions is outside the scope of this chapter, but the problem 
has been discussed in Chapter IV. 

When a ''teed*' feed is taken away from parallel feeders, the use of 
directional and non-directional I.D.M.T. relays can be used as shown in 
Fig. 15-19. 
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RECEIVING END 


« non-directional relay. 

^ =. DIRECTIONAL RELAY. 

X = CIRCUIT BREAKER. 


Fig. 15-19. — Parallel feeders with tee-off feeders. 


In these examples, the non-directional type of relay is that which wc 
have previously considered but to make it sensitive to direction, a directionsd 
element must be added and which will control the I.D.M.T. overcurrent 
or earth-fault element. This arrangement ensures that with current flow in 
one predetermined direction, the directional element will not operate and 
will thus render the I.D.M.T. element inoperative. 
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When the current flows in the opposite direction the directional element 
will operate and will place the LD.M.T. element in circuit to operate 
accorcnng to its characteristics. 

Directional LD.M.T. relays operateonthe wattmeter principle employing 
both current and voltage elements. Fig. 15-20 shows the typical connections 
(internal) of such a relay. 


TRIP 


VOLTAGE 


CURRENT 



TRIP 


VOLTAGE 


CURRENT 


Fig. 15-20. — Internal connections for directional LD.M.T. relay. 
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For operation of non-directional relays, only three current transformers 
are necessary. For directional relays, however, a voltage supply is essential, 
involving three phase voltage transformers (or the equivalent two single 
phase transformers in open delta) used as shown in Fig. 15-21. With 
directional earth-fault relays, however, when only one relay element is used 
to protect against earth-faults on any of the three phases of a three phase 
circuit there is the problem of ensuring that the voltage applied to the 
directional element voltage coil corresponds in phase to that of the current 
in the current coil. This voltage will be the residual voltage of the system 
and will be the vector sum of the three line to earth voltages. 
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Fig. 15-21 . — Voltage transformer connections for directional overcurrent relays* 
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sary to provide a low reluctance return path of sufficient cross section to 
carry the maximum value of unbalanced flux without saturation. This is 
achieved by the use of a five-limb transformer as shown in Fig. 15-23. 
The use of an open delta connected tertiary winding to give a true residual 
voltage is demonstrated in Fig. 15-24. 



Fig 15-23 — Elementary 
diagram of five 4 imb 
transformer 


It will be seen that it is necessary to consider three cases, (a) where the 
system is healthy, (b) where there is an earth-fault on one phase of the 
system and the supply neutral is not earthed, and (c) where there is a fault 
on one phase of the system and the supply neutral is solidly earthed 

(a) Under healthy conditions all three phases will be balanced and the 
residual voltage of the system will be zero The three e m Fs in the delta 
winding will form a closed triangle and the residual voltage Vr across the 
relay will be zero See Fig 15 -24(a) 

(b) If there is an earth-fault on phase C of the system when the supply 

neutral is unearthed, then phase C will be at earth potential and the neutral 
point of the supply will be at a potential equal to the normal phase voltage, 
as shown in Fig 15 -24(b) The phase to earth voltage will now equal the 
normal line to line voltage, 1 e it will be \/3 times as great as normal and the 
phase displacement between A2A1 and B2B1 will now be 60° instead of 
the normal 120° As the phase to earth voltage has increased by \/3» so 
the flux in the core will increase by 2ilso will the induced e m f in 

each phase of the tertiary winding These e m Fs will be displaced 1 80® 
from the primary and will sum up to give a resultant voltage — 

Vr =\/3 • V3 Vt =3 Vt 

1 e three times as great as the normal tertiary phase voltage 

If the secondary of the voltage transformer is rated at no volts then the 
normal phase voltage will be iio/\/3» 1 e 63 5 volts and the residual voltage 
across the relay will be three times this value, 1 e 190 volts Transformers 
operating under these conditions are noted as category Z in B S 2046 
It IS also noted from the vector diagram that the resultant line to line voltage 
of the secondary winding will not exceed no volts 

(c) If there is an earth-fault on phase C of the system and the supply 
neutral is solidly earthed, then (neglecting the impedance of the fault and of 
the supply) the voltage across phase C will disappear completely and the 
vector diagram appear as in Fig 15-24(0), the other phase voltages remaimng 
at their normal values The e m f 's in the tertiary winding will be displaced 
b’ 120® and will sum up to give a residual voltage Vr equal in magmtudc 
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ALL VECTORS EQUAL 
NORMAL PRIMARY 
PHASE VOLTAGE— Vp 


ALL VECTORS EQUAL. 
NORMAL TERTIARY 
PHASE VOLTAGE =Vt 
RESULTANT VOLTAGE 
Vr=o 



ALL VECTORS EQUAL 
NORMAL SECONDARY 
PHASE VOLTAGE— Vs 
VECTORS aib, b,c, 

AND Cjdi-VTVs 


(a) HEALTHY SYSTEM 



VECTORS A,Ai & 
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VECTORS a4a,& b4b, 
= Vt 
VECTOR Vr 
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VECTORS a,ai & b,b, 
-v^s 
VECTOR «,bi 
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VECTORS A,Ai 
& B.B|=Vp 



VECTORS t,t4 
& b,b4=VT 

RESULTANT VECTOR 
=Vr 


0104 


>abi 




oi bi 


VECTORS Ml b,bi 
-Vs 

VECJOR a,bi 

= V 3 Vs 


(c) EARTH FAULT ON PHASE C 

SUPPLY NEUTRAL SOLIDLY EARTHED 

Fig. 15-24 (above and opposite) Principle of the residual voltage transformer. 


to the normal phase voltage Vt, i.e. Vr=63*5 volts. Transformers operating 
under these conditions are noted as category X in B.S. 2046. It will also 
be seen that the resultant voltage across the secondary winding will not 
exceed no volts. 

Cases (b) and (c) represent two extreme conditions i.e. where the system 
is either unearthed or is earthed solidly. If now the neutral is earthed 
through a resistance or impedance, the residual voltage across the tertiary 
winding will be a value somewhere between 63*5 and no volts, dependent 
on the value of resistance or impedance in the neutral. Residual voltage 
transformers operating under these conditions are noted as category Y in 
B.S. 2046. 

Directional overcurrent and earth-fault protection as described for 
parallel feeders is also a popular form of protection for ring main circuits, 
a simple form of which is shown in Fig. 15-25. Here a single source of 
supply feeds a ring cable which is interrupted in its course at four trans- 
former substations. At the power source, two circuit-breakers control the 
ring main, each being fitted with non-directional relays. 

At each substation the ring is broken by the insertion of two circuit- 
breakers and these are fitted with directional relays such that operation 
occurs only when fault current of appropriate magnitude flows away from 
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POWER STATION 


= NON-DIRECTIONAL RELAY 
— ► - DIRECTIONAl RELAY 
X » CIRCUIT-BREAKER 
11 etc * DEFINITE MINIMUM TIME SETTING 

Fig. 15-25. — Directional protection applied to a simple ring main. 


the substation, as indicated by the arrows. Thus, if a fault occurs on the 
cable between substations 2 and 3, only the circuit-breakers at each end 
of this cable will open, leaving all substations in service but isolating the 
faulty cable. At each relay a figure, e.g. I’l, is given. This is the selected 
definite minimum time setting of the relay and it will be noted that, starting 
at the source of supply in either direction, the outgoing relay settings are 
progressively reduced. This principle is shown in Fig. 15-26 where the 
ring is developed into two radial feeders (a) and (b) and superimposed at (c), 
which is the ring main developed into a straight line. 

Assuming a fault at 'T*' (Fig. 15-25) between substations 2 and 3, fault 
power is fed via two paths and dividing in inverse ratio to their 
impedances. The fault power feeds through every substation but at each 
of these one set of relays will be inoperative because the power flow is 
against the arrow, while the other set will be operative because the power 
flow is with the arrow. 
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Considering the fault power flow in the direction first, the relays 
at the power source and on the outgoing side of substations i and 2 have 
definite minimum time settings of 2*1, 1*6 and i-i seconds respectively. 
The i*i second relay on the outgoing side of substation 2 will obviously be 
the first to complete its operation, trip out the associated circuit-breaker 
and thus clear the fault feed in this direction, the relays at the power source 
and substation i immediately resetting. 

Considering now the feed in the direction the relays at the power 
source and on the outgoing sides of substations 4 and 3 have definite 
minimum time settings of 2-i, 1*6 and i-i seconds respectively, thus 
ensuring that the circuit-breaker on the outgoing side of substation 3 with 
its I * I second setting will clear the fault leaving the remaining relays to reset. 

In some circumstances, a ring main of the type shown in Fig. 15-25 may 
have the additional feature of an interconnector between two selected sub- 
stations as shown in Fig. 15-27. The arrangement of relays around the 
ring is as previously noted but on the interconnector, relays of the non- 
directional type are used, and with a low definite minimum time setting. 

Reverting to Fig. 15-25, we note that if a fault occurs on the cable 
between the power source and substation i , the circuit-breaker at the power 
station has a definite minimum time setting of 2*i seconds. The fault on 
this section would be isolated at the substation by the o*i second relay but 
would continue to be fed from the power station for another two seconds. 
Here then is an ideal situation for applying the high set instantaneous 
element as discussed on page 451, in order to remove the fault as rapidly 
as possible. 

It has been shown in Figs. 15-14 and 15-15 how earth fault protection 
can be applied to a star winding (of a generator or transformer) in such a 
way as to limit the protection afforded to a defined zone. Zonal protection 
is an important feature of the well-known Merz-Price circulating current 
system, a differential scheme which can be applied to protect generators, 
transformers and feeders against phase to phase or earth-faults. 

The system is discriminating in that it disconnects only the apparatus 
or feeder which is faulty and it should be stable for any faults beyond the 
protection zone, i.e. through-faults. 

When applied to a generator, the scheme is very simple. The funda- 
mental principle is that, under healthy conditions, the current entering at 
one end of a machine winding is identical, both in phase and magnitude, 
with that leaving the winding at the other end. On the occurrence of an 
internal fault this equality is disturbed and, when the unbalance reaches 
the necessary value of relay operating current, the plant is disconnected 
from the system by opening the main circuit-breaker. 

In Fig. 15-28 is an explanatory diagram showing the principle of the 
circulating current system. It will be noted that current transformers (which 
have similar characteristics and ratio) are connected on both sides of the 
machine winding and a relay winding is connected across the pilot wires 
between the two current transformers. Under healthy conditions, the current 
distribution is as shown at (a), no current flowing in the relay winding. 
Should a fault occur, either to earth, as shown at (b), or between phases, 
the conditions of balance are upset and current flows in the relay winding 
to cause operation. It will be noted that at (b) the fault is shown at a point 



PROTECTIVE GEAR 


471 


between the two current transformers (the location of these determine the 
extent of the protected zone). If the fault had occurred beyond, say,* the 
right-hand current transformer, then operation would not occur as the fault 
current would then flow through both current transformers thus maintaining 
the balance, as shown at (a). In order that the symmetry of the burden on 
the current transformers shall not be upset and thus cause an out-of-balance 
current to pass through the relay, causing operation when not intended, 
it is essential that the relay be connected to the pilot wires at points of 
equipotential. This is illustrated at (c) in Fig. 15-28, such equipotential 
points being those as “a** and “b*', and etc. In practice it is 



Ip * PRIMARY CURRENT 
Is * SECONDARY CURRENT 



C.T. 



ILLUSTRATING 
EQUIPOTENTIAL POINTS 


Fig. 15-28. — Explanatory diagram to illustrate principle of circulating current 

protection. 


rarely possible to connect the relay to the actual physical mid-point in the run 
of the pilots and it is usual to make the connection to convenient points at 
the switchgear and to insert balancing resistances in the shorter length of 
pilot wire (see Fig. 15-32 for example). The resistances should be adjust- 
able so that accurate balance can be obtained when testing before com- 
missioning the plant. 
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Fig. 15-29 shows the protective gear connections for a three phase 
machine. It will be noted here that there are two sets of three current 
transformers, one set being mounted in the neutral connections (usually 
in the alternator pit), and the other being mounted in the switchgear 
equipment. Thus, not only are the machine windings within the protected 
zone but also the external connections to the switchgear. 



Fig. 15-29. — Merz- Price system of circulating current protection applied to a 

generator. 


The two sets of current transformers are connected in star and a four core 
pilot cable joins the two sets. The relay coils are also connected in star, the 
star point being connected to the star point of the current transformers. 

The relay is usually of the electromagnetic type and is arranged for 
instantaneous tripping. The current transformers, while being ordinary 
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commercial typ^, are selected for equality of characteristics in order that 
unwanted tripping may be avoided due to the siHll currents which would 
occur if the characteristics of any opposing pair were radically different. 

In order to provide for the detection of earth-faults, the modified system 
shown in Fig. 15-30 has been developed, use being made of an earth-fault 
relay element operating on the residual principle. 

A complete diagram of connections for the protection of a three phase 
generator is given in Fig. 15-31. In addition to showing the circulating 
current protection so far discussed, this diagram shows the field suppression 
equipment and also phase-unbalance protection, some details on wmch will 
be noted later. 



Fig. 15-30. — Modified scheme as Fig, 15-29 to include earth-fault protection. 


FP 
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Fig. 15-31. — Typical diagram of connections of circulating current protection 
with phase-unbalance protection and automatic field suppression for three phase 
generator having three neutral connections (Associated Electrical 
Industries Ltd.), 


When Merz-Price protection is applied to a power transfornxer^ some 
complications arise because a phase shift may be introduced which can vary 
with different primary/secondary connections and there will be a magnitude 
difference between the load current entering the primary and that leaving 
the secondary. 

Correction for a phase shift is made by connecting the current tratxs- 
formers on one side of the power transformer in such a way that the resultant 
currents fed into the pilot, cables are displaced in phase from the individual 





C.B. 

C.T. 

T.C. 

B.R. 

Fig. 


CiaCUIT.BREAKER 

PROTECTIVE CURRENT TRANSFORMER 
TRIP COIL 

BALANCING RESISTOR 


C.B.A. CIRCUIT-BREAKER AUXILIARY SWITCH 
P.F. & L. PROTECTIVE FUSE AND LINK 
K.F. KICK FUSE 
B. BATTERY 


15-32. — Merz-Price circulating current protection for a three phase 
delta/star connected transformer. 
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phase currents by an angle equal to the phase shift between the primary 
and secondary currents of the power transformer. This phase chsplacement 
of the current transformer secondary currents must also be in the same 
direction as that between the primary and secondary main currents. 

The most familiar form of power transformer connection is that of 
delta/star and Fig. 15-32 shows how circulating current protection is applied 
to such a transformer, the phase shift between the primary and secondary 
sides being 30 degrees. This is compensated for by connecting the current 
transformers associated with the delta winding in star and those associated 
with the star winding in delta. 

In order that the secondary currents from the two groups of current 
transformers may have the same magnitude, the secondary ratings must 
differ, those of the star connected current transformers being 5 amperes 
and those of the delta connected group being 2*89 amperes, i.e. s/Vs* 

If the power transformer is connected delta/delta, there is no phase 
shift between primary and secondary line currents and protection is applied 
as for a generator but with correction for the differences in magnitude. 
Similarly, there is no phase shift in the case of star/star connected power 
transformers but here, phase correction is applied at both sets of current 
transformers, the reason being that only by this means can the protective 
system be stable under external earth-fault conditions. Thus, both sets 
of current transformers will be delta connected so that the secondary 
currents in the pilots from each set will be displaced in phase by 30 degrees 
from the line currents but both will coincide, a necessary requirement of 
circulating current protection. It is obvious that similarity in phase could 
be achieved if both sets of current transformers are connected in star but 
it can be shown that in this case, the protective system would be stable on 
through-faults between phases but not for earth-faults. This is demonstrated 
numerically in Fig. 15-33, noting that at (a) the secondary currents entering 
and leaving the pilots are not the same at both ends and therefore do not 
sum up to zero at the relays, whereas at (b) the reverse is true and no current 
appears in the relay coils. 

As is well known, the switching in of a power transformer causes a 
transient surge of magnetizing current to flow in the primary winding, a 
current which has no balancing counterpart in the secondary circuit. Because 
of this a **spiir' current will appear in the relay windings for the duration of 
the surge and if of sufficient magnitude lead to isolation of the circuit. This 
unwanted condition can be overcome by either connecting time limit fuses 
in shunt across each relay element, as in Fig. 15-32, or by arranging that the 
protective relay is provided with a suitable time delay. 

When circulating current protection is applied to a power transformer, 
the relay is arranged to cause the circuit-breaker on both sides of the trans- 
former to open, thus clearing the transformer completely under fault 
conditions. 

So far no mention has been made of the problem which arises when a 
power transformer is provided with facilities for tap changing. It has been 
noted that for stability under healthy or through-fault conditions, identical 
outputs from each group of current transformers are an essential feature 
of circulating current protection. It is clearly impossible for the current 
transformers to be matched at all tap positions unless diese (the c.t*s) are 
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SHOWING OPERATION WHEN PROTECTIVE C.T’s ARE CONNECTED IN STAR AND 
AN EARTH-FAULT OCCURS EXTERNAL TO THE POWER TRANSFORMER, THE RATIO 
OF WHICH IS ASSUMED TO BE UNITY. 


(b) 

SHOWING STABILITY WHEN PROTECTIVE C.Ts ARE CONNECTED IN DELTA AND 
AN EARTH-FAULT OCCURS EXTERNAL TO THE POWER TRANSFORMER. 



Fig. 15-33 . — Showing stable and unstable conditions on through earth-faults, 
with circulating current protection applied to a starjstar transformer, due to 
methods of connecting current transformers. 
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O.C. OPERATING COIL 
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Fig. 15-34 . — Biased differential protection applied to a delta/ star connected 

three phase transformer. 
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also correspondingly tapped. This solution is generally impracticable if 
only because of the nature of the task of changing current transfbriher 
tappings each time a tap change is made on the power transformer. The 
latter j^ction is often automatic so that it would then be necessary to make 
the tap changes on the current transformers automatic and simultaneous. 
Because of tins and the normal inequalities which occur as between current 
transformers, many schemes for the protection of transformers have been 
devised in which steps have been taken to eliminate the difficulties and some 
of these schemes will be noted later. Here we can note that tap-changing 
and current transformer inequalities can be largely avoided by using a 
circulating current scheme which employs a biased differential relay, 
indicated typically in Fig. 15-34. 

In each pole of this relay, there are, in addition to the operating coil, 
two bias or restraining windings. Under through-fault conditions, when 
operation is not required, no current should flow through the op)erating coil 
but, because of imperfect matching of the current transformers, and ffie 
effects due to tap changing, some spill current may flow in the operating 
coil. This, however, will not cause operation unless the ratio of operating 
to bias current for which the relay is set is exceeded and the restraint or bias 
which is applied automatically increases as the through-fault current increases, 
thus enabling sensitive settings to be obtained with a high degree of stability. 

It may be noted in passing that the biased differential relay can be 
applied in generator circulating current schemes and in one such scheme the 


C.T. 


GENERATOR WINDING 


CT. 



Fig. 15-35. — Single phase diagram showing biased relay applied to generator 
protection (Associated Electrical Industries Ltd,), 



48 o 


THE J. & P. SWITCHGEAR BOOK 


relay comprises a permanent magnet with a moving coil energised through 
metal rectifiers wluch convert a.c. into dx: Use of the permanent magnet 
flux enables sensitivity to be obtained with a low energy input as well as a 
high ratio of minimum operating current to continuous rating. The result 
is a reduced burden on the current transformers as compared with that 
when using an electromagnetic relay, with consequent simplification of 
design. The connections for one phase of a three phase generator using a 
relay as described arc those shown in Fig. 15-35, these being repeated for 
each phase. 


ox. AUXILIARY SUPPLY 


PHASE 

UNBALANCE 

PETCCTOR 


TIME DELAY 
PHASE 
UNBALANCE 
RELAY 

(SELF reset) 

L.V. EARTH 

FAULT 
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(TO TRIP OR 

alarm) 
(self reset) 


HVILV PHASE FAULT 
A HV EARTH FAULT 
TRANSFORMERS. 
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VOLTAGE TRANS. A FUSE ^Ir 
FOR L.V. EARTH FAULT 
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MAIN field SUPPRESSION SW. 
A EXCITER LOADING RESISTOR 


Fig. 15-36. — Typical diagram of connections as Fig, 15-31 but for generator^ 
transformer unit {Associated Electrical Industries Ltd,). 
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In many large power stations each generator is tied in solid with an 
associated step-up transformer, there then being no switchgear at generator 
voltage. In such schemes^, circulating current protection can be extended 
to cover both the generator and the transformer. A typical scheme is that 
shown in Fig. 15-36 which includes phase unbalance protection plus 
separate earth-fault protection for the I.v. ^d h.v. sides of the power 
transformer. In such a scheme there are difficulties to be overcome by 
reason of the dissimilar ratios, the characteristics of the current transformers 
during through-fault conditions, unbalance caused by transformer magnetis- 
ing current and in all probability, tap-changing over a range of plus and minus 
10% or so. Here, again, a biased scheme will counteract these effects and 
a scheme employing a biased relay of the type discussed is shown in 
Fig. iS-37- 


C.T GENERATOR TRANSFORMER C.Ts 



Fig. 15-37. — Combined generator-transformer protection using biased differen- 
tial relay with separate balanced restricted earth-fault protection for the earthed 
transformer star winding (Associated Electrical Industries Ltd.). 

This diagram indicates separate balanced earth-fault protection for the 
star connected h.v. transformer winding: whether earth-fault protection for 
the generator and low voltage transformer windings is applied additionally 
is a matter for separate consideration on its own merits. 

Note in this diagram the stabilising resistors previously discussed and 
also how the current transformers on the secondary side of the power 
transformer are used not only for the circulating current protection but 
are also summated, along with the current transformer in the neutral, at a 
core-balance current trai^ormer for earth-fault protection. 
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Circulating current protection can be applied on feeder circuits provided 
mlot wires are, or can be, made available between the two ends of the feeder. 
This is an obvious objection and often costly. If the feeder is long then 
the burden on the current transformers becomes excessive but in theory 
the scheme functions exactly as in our earlier description where one group 
of transformers at one end of the feeder compares the current at that point 
with that at the other end of the feeder where another group of current 
transformers is located. A difference exists, however, in that a relay is 
required at both ends of the feeder whereas for generator and transformer 
protection only one relay is employed. 

A circulating current scheme using a biased relay at each feeder end is 
shown typically in Fig. 15-38 and here it will be seen that the relays are 



IT INTERPOSING TRANSFORMERS 
O COPERATING COIL 
BC BIAS COIL 
VR VARIABLE RESISTANCE 

Fig. 15-38. — Biased differential protection applied to a feeder circuit 
{The English Electric Co. Ltd.). 


energised via interposing transformers in order that the current circulating 
in the pilot wires is of low magnitude, an obvious advantage where the 
latter are of any lenrth. Under normal or through-fault conditions, current 
circulates through the pilot wires and the relay bias coils but not through 
the operating coils. When a fault occurs on the feeder between the two 
grouf^ of current transformers, and assuming the feeder runs to an open 
end, i.e. it is radial, then the current entering is greater than that leaving 
the feeder so that the current transformer outputs at the opposing ends do 
not balance. If the feeder can be fed from both ends, as for example in a 
closed ring main, then current will flow into the fault from both ends, and 
depending on the location of the fault, may be of equal magnitude. But 
in this case, the current flow at one end is in reverse to the normal direction 
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and the respective current transformer outputs yili be out-of-phase, leading 
to a condition of unbalance. In both cases, therefore, there is the requisite 
condition of unbalance and this causes sufficient current to flow through 
the operating coils to overcome the restraint of the bias coils with consequent 
operation of the circuit-breakers at each end of the feeder. 

This scheme, being discriminating, is equally suitable for parallel feeders, 
subject of course to the availability of pilot wires. It has the advantage over 
the scheme described earlier using I.D.M.T. relays in that time grading is 
unnecessary and, therefore, extremely rapid operation under fault conditions 
can be obtained. 

The diagram in Fig. 15-38 is representative of one phase up to the 
interposing transformers. In practice, these are summation transformers 
having three primary windings on a common core fed from the three line 
current transformers. This summation transformer has only one secondary 
to feed a single relay element, as shown in the diagram, at each end of a 
three phase feeder. The adjustable resistors shown in each operating cod 
circuit ensure a suitable division of current between the two operating coils 
in the event of a fault fed from one feeder end only and thus ensuring that 
both relays operate to trip, noting that the setting of the operating coil 
depends upon the resistance of the pilot wire circuit. 

Before leaving this discussion on differential protection it may be useful 
to consider briefly the need for some form of back-up protection. In all 
cases it can be assumed that such additional protection is applied to cover 
the possibility, however remote, of a failure on the part of the differential 
protection to operate with a fault within its zone, or the failure of circuit- 
breakers elsewhere on the system to clear local faults. Although busbar 
protection (see later discussion) is now employed in many large schemes, 
it is by no means universally applied and back-up protection on generators 
and transformers normally covered by differential protection, affords a 
means of protection against busbar faults, disconnecting the machine or 
transformer in such event. Back-up protection is usually afforded by 
I.D.M.T. relays, care being needed to ensure that time-discrimination is 
obtained in relation to the protective relays on the feeder network, the time 
setting on the back-up relay being higher than the highest setting of any 
feeder relay. Because of this, some difficulty may be experienced with an 
I.D.M.T. relay affording back-up protection on a generator circuit, as long 
before the time setting has been reached, the short-circuit current may 
have fallen to the steady state value due to decrement. It must therefore 
be ensured that the back-up relay will operate with this much-reduced 
value of current. 

Under-voltage protection is not normally ^plied to circuits other than 
those which control motors. Here, it is essential to trip the circuit-breaker 
(or contactor) in the event of a supply failure and thereby prevent danger 
to personnel should the supply be restored without warning. In such cases, 
a deliberate action on the part of the operator is essential before the motor 
can be restarted. Under-voltage protection can be employed to provide an 
interlock to ensure, for example, that all rotor resistance is in circuit before 
starting a slip-ring motor by means of a drum controller or, where reduced- 
voltage starting is employed, e.g. auto-transformer, that full voltage is not 
appUed to a stationary machine. Another aspect of under-voltage protection 
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is that where some external condition causes a serious but transient dip in 
voltage to occur. Depending on the drop-out value of the under-voltage 
trip coil or relay, this may cause unnecessary stoppages and, in such cases, 
it is feasible to time-delay the trip coil or relay for a short period. This 
may of course result in loss of speed and it may be that, due to the nature 
of the load, the motor will not pick up again. 

Having now considered some relatively simple and commonly used forms 
of protective gear, we may usefully note, if only briefly, further protective 
details and schemes as applied to generator, transformer and feeder circuits 
and for busbar protection. Some of the schemes we shall note are develop- 
ments based on the circulating current principle, while others are those 
which have been designed especially to meet conditions arising out of 
modern high-voltage power transmission and interconnected power net- 
works such as the Grid, where high-speed operation, transient stability and 
other characteristics are essential. It will be convenient to consider these 
further details and schemes under headings corresponding to those noted 
above. 

GENERATOR PROTECTION 

Some of the faults which may occur on an a.c. generator in service are: — 

(a) Failure of insulation on stator windings or associated connections. 

(b) Failure of insulation on rotor. 

(c) Overspeed. 

(d) Generated over-voltage. 

(e) Unbalanced loading. 

(f) Field failure. 

(g) Failure of prime mover. 

Stator winding faults comprise short-circuits between phases or to earth, 
and short-circuits between turns, the latter rapidly developing into earth- 
faults. It is essential that the main circuit-breaker between the machine 
and the busbars be opened immediately when a stator fault occurs so that 
other generating plant on the system can be prevented from feeding into the 
faulty machine. At the same time it is necessary to suppress the rotor field 
to prevent the machine itself from feeding into the fault. If the neutral of 
the machine is earthed through an automatic circuit-breaker, it is an 
advantage to provide for the opening of this circuit-breaker and thereby 
assist with rapid clearance of earth-fault current. 

The minimum primary operating current at which the earth fault 
protective gear operates governs the amount of stator winding protected and, 
in the case of machines operating on a system in which the neutral point is 
earthed through a resistance, the value of the earthing resistance and the 
minimum operating value of the protective gear must be co-related to give 
the maximum degree of stator winding protection (see Chapter XX). 

For phase faults, overcurrent or some form of differential protection 
or a combination of both, can be applied. When both are applied, the over- 
current relays will act as back-up protection as previously discussed. Earth- 
fault protection should be of the restricted type sensitive to earth-faults in 
the stator winding or in the associated connections and not to earth-faults 
outside the zone of protection. 

In conjunction with this protective gear, provision has to be made to 
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suppress the field in the shortest i^ssible time after an internal fault has been 
detected. The method of achieving this is to ca'use automatic opening’ of a 
suitable switch or circuit-breaker in the field circuit, as shown in Fig. 15*39. 

It will be seen here that the trip-coil circuit on the field switch is com- 
pleted by auxiliary contacts on the protective relay. The opening of this 
switch results in high rotor voltage and, in the case of built-up or laminated 


MACHINE 

WINDINGS 



Fig. 15-39. — Simplified connections for automatic field suppression. 


rotors, this may cause insulation failure and a field discharge resistance 
must therefore be used (see Fig. 15-31). When a solid rotor is used the 
effect is not usually dangerous and resistance is not normally employed 
noting that the use of resistance slows up the process of field suppression. 

Failure of insulation on the rotor is usually in the form of a single fault 
to earth and only in the remote possibility of a double fault is damage likely. 
On very large generators it is often considered advisable to provide some 
form of earth-fault detector, as a second fault to earth occurring in another 
part of the field winding constitutes a short-circuit requiring an immediate 
shut down of the machine. A suitable detector is an earthed negatively- 
biased relay connected between the field circuit and earth as shown in 
Fig. 1 5-40 and discussed in more detail in an article by Newcombe on the 
protection of large generator units (see bibliography). 

Overspeed (leading to overvoltage) may arise due to a sudden loss of 
load. In certain circumstances (e.g. total loss of load coupled with high 
steam pressure at the stop-valve) the rise in speed may be so considerable 
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that the action of the governors or the closing of the emergency valve will 
not prevent the rise. &me form of overspeed device must therefore be 
provided to safeguard the machine under these circumstances and arranged 
to trip the main circuit-breaker. 



Fig, 15-40. — Rotor earth-fault detection by negative biasing method. 


Generated overvoltage of significant duration or magnitude does not 
generally occur on turbo-generator equipments and it is not usual to provide 
protection against such conditions. In the case of hydro-electric generators, 
however, the inherent slow action of the control governors gives a consider- 
able lapse of time before normal speed is restored after a sudden loss of load 
to the system. The increase in speed due to loss of load gives a corresponding 
increase in voltage, which may lead to damage of connected apparatus and 
will over-stress the insulation of the generator winding. Some form of 
protection is therefore recommended for such generators. It should 
arranged to disconnect the machine from the system and to open the field 
system if the generator voltage rises 20% above normal. 

Unbalanced loading arises from" causes such as faults between two lines 
or one line to earth on the system external to the generator. The unbalanced 
currents, even though of a value much less than the rated normal current 
of the machine may give rise to dangerous overheating in the rotor. 
Protection can be given against such conditions by the use of negative phase 
sequence protection in which a filter network detects the flow of negative 

K * : sequence currents in the generator windings, and not responsive to 
ced conditions, i.e. to positive phase sequence currents. 
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In Chapter IV we have shown that any unbalanced system can be 
considered to be comprised of three balanced systems as follows: — * 

(1) A three phase system of forward phase sequence known as the 
‘'positive phase sequence*'. 

(2) A three phase system of reverse phase sequence, known as the 
“negative phase sequence", and 

(3) A system without time interval between vectors, known as the 
“zero phase sequence**. 

It has also been shown that: 

(a) The positive component only is present with balanced three phase 
conditions and corresponds to normal load conditions. 

(b) The positive and negative components are both present with im- 
balanced phase to phase conditions corresponding to faults between 
lines. 

(c) The positive, negative and zero components are all present with 
unbalanced phase to neutral conditions corresponding to a line to 
earth-fault on a system with an earthed neutral. 

From the foregoing, it will be noted that the negative phase sequence 
component is present in both conditions likely to produce unbalance in a 
three phase system and, therefore, a relay that is sensitive to this component 
and not to the positive component will protect the machine against conditions 
of single phase loading. 

An equipment designed for this purpose is shown in Fig. 15-41 com- 
prising a filter network with matching transformers and a relay unit consisting 
of a heated body, a sensitive relay responding to the temperature of the 
heated body and an instantaneous alarm relay element. 

In this scheme the output from the filter network is fed into a small coil 
of resistance wire and so raises its temperature. By suitably proportioning 
the heated body, its time/current characteristic for a given temperature rise 
is made to match the ability of the protected generator to withstand the 
flow of negative phase sequence currents. WTien the temperature of the 
heated body reaches a given level a sensitive relay element, connected to a 
thermocouple, operates. 

The alarm relay, connected directly to the matching transformer, closes 
its contacts to give early indication of an unbalanced condition and in the 
case of low values of negative phase sequence current, the control engineer 
has an opportunity to take action before circuit-breaker tripping occurs. 
The latter can only take place when the contacts on both the alarm and 
temperature responsive relay are closed. 

With regard to failure of the prime mover, in the case of a turbo-generator, 
no serious eflFect will be sustained by allowing the turbine rotors to be 
motored by the generator running as a synchronous motor for a short time 
provided the lubricating system etc., continues to function. In the case of 
back-pressure turbo generators, however, protection against inverted 
running should be included. On such machines, after closing the combined 
emergency and stop valves upon failure of the prime-mover the generators 
should be disconnected from the busbars, otherwise the turbine rotors 
would be rotating in trapped steam of back pressure density which would 
cause a dangerous increase in temperature of the rotor and casing. 

Diesel-engine driven alternators should also be protected against 
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encurr C«/iA AHORT ORjCf 

TO COVBR NON-PBRaiSieNT 
svsreM muLTS^ 

Fig. 15-41. — Schematic diagram of negative phase sequence protective gear 
(The General Electric Co. Ltd,). 


Cficurrs. 




Fig. 15-42. — Diagrammatic illustration of **Buchholz** relay with alarm 
circuit closed (The English Electric Co. Ltd.). 
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In this relay each of the two chambers houses an oil bucket with mercury 
switch attachment. Each bucket is kept level under normal conditions by a 
balance weight and the mercury switches will be open. When a slight or 
incipient fault occurs in the transformer, small bubbles of gas will be gener- 
ated and these, attempting to pass from the tank to the oil conservator, 
will be trapped in the relay housing. 

As this gas accumulates, the oil level in the relay will fall, leaving the top 
bucket full of oil. As this bucket will not now be fully immersed, 
the extra weight due to the contained oil will overcome the balance weight 
and cause the whole assembly to tilt, thereby causing the mercury switch 
to close and complete the alarm circuit. When a serious fault occurs, the 
gas generation is rapid, causing the displaced oil to surge through the relay. 
This oil flow will impinge on the baffle plates and cause the bottom bucket 
assembly to tilt, closing the mercury switch in the trip circuit to the breakers. 

If a transformer suffers a loss of oil, causing the oil level to drop below 
the level of the relay, the buckets of the two elements will be left full of oil 
and first the alarm and then the surge element, will operate to close the alarm 
and trip circuits. 

The use of a “Buchholz** relay on transformers is generally recommended 
for units above about i ooo kVA where these are fitted with conservators, 
as by this means incipient faults can be detected before great damage is 
caused. 

In our earlier discussion concerning circulating current (differential) 
protection we noted various problems such as — 

(a) The currents on opposite sides of the transformer differ in phase 
angle and magnitude depending on the inter connection of windings 
and the transformer ratio. 

(b) The transformation ratio is often variable as governed by tap- 
changing equipment. 

(c) The magnetising current inrush on switching in appears only on the 
primary side and has no counterpart on the secondary side. The 
differential protection, therefore, detects this as an internal fault and 
causes unwanted tripping of the circuit-breaker. This inrush current 
can attain a magnitude many times the steady state magnetising 
current which may be as low as two to four per cent of the normal 
full-load current. (See the J. & P. Transformer Book and Fig. 15-60.) 

We have seen how (a) and (b) can be overcome by using a differential 
protective system with biased relays (the G.E.C.-McColl patents on such 
schemes date back to 1920) and problem (c) can be taken care of by having 
time delayed relays to ensure stability. Unfortunately, this time delay is 
also operative when an internal fault occurs on a transformer and when it 
should be isolated from the system as quickly as possible. 

It is in an effort to overcome all these problems and yet retain the ideal 
of the differential protection scheme with its discriminating features, but 
with high-speed operation, that a number of transformer protective schemes 
have been perfected of which the following are examples. 

In a scheme known as magnetic-balance protection (Associated Elec- 
trical Industries Ltd.), two forms are available, one a plain magnetic-balance 
for transformers without tappings, and the other a self-stabilising magnetic- 
balance foi use where there are tappings, either on-load or off-load. 
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The operation of the plain magnetic-balance, system will be understood 
by reference to Fig. 15-43. At (a) is shown (one phpe for simplicity) a 
power transformer with current transformers of appropriate ratio in the high- 
voltage and low-yoltage lines, having their secondaries connected in series. 
This is a conventional circulating current scheme but the relay is not shown. 

The currents circulating in the secondaries of these current transfonners 
are identical and, in each, the ampere-tums of the secondary and primary 
will be nearly equal, any difference being due to the magnetomotive forces 
necessary to magnetise the core. Since the secondary turns of the current 
transformers are proportional to their respective primary currents, these 


(a) 


(b) 


Fig. 15-43. — Diagram illustrating plain magnetic-balance system {Associated 
Electrical Industries Ltd,), 

magnetising forces will be similarly proportional to the primary currents. 
Therefore, since the current transformer on the high-voltage side has less 
secondary turns and has a smaller primary current than that on the low- 
voltage side, it is subject to less magnetisation. This means that the total 
voltage drop occurring in both current transformer secondaries and the 
interconnecting leads will be supplied mainly by the current transformer 
on the low-voltage side. 

In practice, the current transformer on the low-voltage side is made to 
take the whole of this burden and to have a magnetising current of an 
insignificant amount. Consequently, the current flowing in the secondary 
of the current transformer on the high-voltage side provides a magneto- 
motive force equal and opposite to that of its primary, and the core is 
unmagnetised under all through-current conditions — whence the name 
* 'Magnetic-balance.'" If a further winding is added to the current trans- 
former on the high-voltage side, as in Fig. 15-43 diagram (b), no voltage 
will ^ induced in it under healthy conditions, and the associated relay 
remains inoperative. 

However, under fault conditions within the protected zone, the mameto- 
motive forces of the primary and the secondary of the current transmrmer 
on the high-voltage side will not neutralise, but will induce a voltage to 






4 ^ 


THE J. & P. SWITCHGEAR BOOK 


operate the relay. In the case of a fault fed from one side only, this voltage is 
induced directly whilst, for a fault fed from both sides, the magnetomotive 
forces will be additive due to the change in direction of current flow on one 
side. The total ampere-turns tending to operate will be proportional to 
the fault current; part of these will magnetise both sets of current trans- 
formers and the remainder will cause current to flow in the additional relay 
winding. 

A particular advantage of this magnetic- balance system is that high- 
permeability alloy can be used to effect a very large reduction in the magnetis- 
ing-current of the current transformer on the high-voltage side and, conse- 
quently, a greatly improved sensitivity can be obtained. Under through- 
fault conditions this current transformer is unmagnetised so that the early 
saturation characteristic of such material does not reduce the stability 
obtainable. The use of high-permeability alloy also permits the use of an 
instantaneous type relay because the d.c. component of the magnetising 
current, present during switching operations, on either the low-voltage or 


(a) 


(b) 

® ^ Power Tronsfomner 


(c) 


Fig. 15-44. — Diagrams illustrating self-stabilising magnetic-balance system 
{Associated Electrical Industries Ltd,). 

high-voltage side of the power transformer, can be effectively suppressed. 

A further advantage is that the sensitivity is entirely independent of the 
secondary current normally circulating between the two sets of current 
transformers, so that this may be made as low as possible, and the adverse 
effect of load burden on stability is eliminated. 

When a power transformer is provided with tappings, there occurs a 
change in current values which, unless compensated for by equivalent 
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tappings on the protective current transformers^ will upset the state of 
balance essential in a circulating current scheme of protection. As noted 
earlier, it is inconvenient to have to change the turns ratio of the current 
transformers every time a tap change on the power transformer takes place, 
and other means are necessary to counteract the out-of-balance effect. 

In the self-stabilising magnetic-balance system this is achieved by 
splitting the cores of the current transformers on the high voltage side into 
two parts and by arranging the secondary windings on these split cores so 
that under healthy conditions the magnetomotive force from one half-core — 
tending to induce volts across the relay winding — ^is neutralised by the 
magnetomotive force from the other half-core. Under fault conditions 
within the protected zone, operation occurs in exactly the same manner as 
in the plain magnetic-balance scheme. 

Fig. 15-44 diagram (a) shows the ordinary magnetic-balance system of 
Fig. 15-43, the relay winding removed from the current transformer, P, 
on the high voltage side for clarity. Diagram (b) shows the core of trans- 
former P divided into two halves, Pi and P2, and with additional cross- 
turns in series with the secondary, added in opposite senses on each half. 
The transformer P, retains the magnetic-balance principle since the addi- 
tional cross-magnetising turns result in equal and opposite fluxes in the 
two half-cores which together induce no resultant voltage in the relay 
winding. The magnetisation characteristic of the half-cores. Pi, and P2, of 
transformer P, when energised from these differential windings is shown in 
Fig* 15-45* When carrying normal full-load current the two half-cores are 
subject to equal and opposite magnetomotive forces at respective points, A, 
due to the differential windings but, if the transformer is operating at some 
tap other than normal, the individual half-cores will operate at Ai and A2 
due to the resulting action of the primary and ordinary secondary ampere- 
turns (i.e. the out-of-balance ampere-turns due to the change in tap positions). 
In magnitude this will be additive for one half-core (AA2), and subtractive 
(AAi) for the other. Consequently, the relay winding will be energised 
to an extent directly proportional to the algebraic sum of the resulting 
fluxes Oai and Oaz. This is indicated by the ordinate at A in Fig. 15-46. 
With an increase in the main current the respective magnetomotive forces 
move to points Bi and B2, and the relay is energised to an extent proportional 
to the algebraic sum of Obi and Ob2 (indicated by the ordinate at B in 
Fig* 15-46). Further increase to points Ci and C2 in Fig. 15-45 brings 
about a decrease in the resulting voltage induced in the relay circuit, as 
shown by the ordinate at C in Fig. 15-46. Consequently, for any given tap 
position, the available induced voltage for relay operation is variable with the 
primary through current, as shown by the typical curve in Fig. 15-46. 
If, therefore, the relay is set for an operating voltage above the maximum 
ordinate of this curve, the protective system will always remain stable. 

In practice the design is such that when the maximum tap out-of-balance 
occurs on the power transformer, the maximum induced voltage does not 
exceed one-half of that necessary to operate the relay. Fig. 15-46 also 
shows for comparison the relay characteristic for plain magnetic-balance (or 
circulating current protection) under tap unbalanced conditions: it will 
be noted that the relay voltage increases in proportion to the primary 
through current and would give rise to false operation at the point D. 
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Fig. 




5-45 . — Magnetisation characteristics of current transformer “P" 
Fig. 15-44. {Associated Electrical Industries Ltd.). 



Fig. 15-46. — Magnetic-balance protection — induced voltages at relay 
(Associated Electrical Industries Ltd.). 
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Fig- iS"47 * — Diagram showing magnetic-balance protection for deltalstar 
connected transformer with Buchhotz and standby overcurrent protection, 
(Associated Electrical Industries Ltd,), 
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Under fault conditions within the protected zone, the magnetomotive 
forces of the primary and ordinary secondary turns of transformer, P 
(Fig. 15-44) diagram (b), do not neutralise, and energise the relay as in the 
case of plain magnetic-balance, whilst those due to the additional cross-turns 
produce no resultant effect in the relay circuit. 

The practical equivalent of Fig. iS-44, diagram (b) is Fig. 15-44 diagram 
(c), which shows the relay winding reinstated and the other windings 
combined to give an unequal number of turns on each half-core. 

The full diagram of connections of this type of protective gear applied 
to a three phase delta/star transformer is shown in Fig. 15-47. 

The magnetic-balance principle can be applied to protective schemes for 
combined generator/transformer units, to Scott-connected and other special 
transformers and can be combined with restricted earth-fault protection for 
transformers. 



Fig. 15-48 . — Variation in filter network impedance with frequency 
(The General Electric Co. Ltd.). 


In other high-speed schemes of differential protection which have been 
introduced recently a feature known as ‘‘harmonic restraint** has been 
employed to overcome the problems previously noted. In these schemes use 
is made of the fact that the nature of the current obtaining during the 
magnetising current inrush period is different from that due to an internal 
fault condition, insofar that the former contains a predominant second 
harmonic whereas the latter is essentially sinusoidal (with or without a d.c. 
transient component) and having negligible harmonic content. At high 
internal currents, however, when the current transformers may saturate, a 
third harmonic component may be present in the relay circuit. 
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From the foregoing it will be clear that if a circuit can be dc^sed in which 
the protective relay is restrainjed when the second harmonic is present, but 
is free to operate at the fundamental frequency or when t^ third harmonic 
is present, then the protective system will not be subject to unwanted 
operation due to magnetising inrush currents. To produce this result it is 
necessary to provide a filter or acceptor network suitably tuned to fun^- 
mental frequency and if this network is incorporated in a circuit employing 
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a sensitive relay of the permanent magnet moving-coil type, dx. operated* 
tt^ether with bias to cover the effects of tap changing, the result can be a 
high-speed protective scheme which solves all the problems previously 
noted. 

This, then is, very briefly, the principle on which schemes we shall 
describe are based. 

The first of these is one developed by The General Electric Co. Ltd., and 
designated Type ZTB in which the harmonic filter circuit has two-frequency 
tuning and employs a single fault detecting relay of the sensitive polaris^ 
type. How the impedance of the filter circuit varies wifh frequency is 
shown in Fig. 15-48 and the principles on which the complete protective 
system operates are best studied from Fig. 15-49, which shows the biasing 
arrangements in single phase for simplicity. 

Two transformers are employed, one, with a centre-tapped primary, is 
in series with one of the pilot wires, while the other is in the differential 
circuit across the pilots. The centre-tapped transformer is energised by 
the circulating current in the pilots and has an output proportional to the 
through load or fault current. This output is used to bias the relay, 
increasing its setting to ensure that operation will not occur on through-faults 
when **spiir* currents will flow in the differential circuit due to current 
transformer inequalities as previously described and depending on the power 
transformer tapping in use. 

The other transformer is energised by current flowing in the differential 
circuit and has secondary and tertiary windings. The secondary winding is 
connected to a rectifier whose output tends to cause relay operation, while 
the tertiary is connected to another rectifier which is used to bias the relay. 

A third rectifier is fed via the filter network in which the inductance L 
and the capacitor Ci are tuned to the fundamental frequency to form a low 
impedance acceptor circuit. At a frequency of double the fundamental, 
L and Ci together act as an inductance which resonates with the capacitor C2 
to form a second harmonic rejector circuit. Thus current at 50 cycles is 
accepted and that at 100 cycles is rejected. 

With a given current through the primary winding of the differential 
circuit transformer, the proportion of current between the secondary and 
tertiary windings will depend upon the relative impedances fed by these 
windings. 

The circuit parameters of the circuit can be so proportioned that: — 

(a) With fundamental current input the greater part of the output current 
will flow in the secondary winding to operate the relay. 

(b) With second harmonic current the tertiary winding will have a large 
output to produce a heavy bias against relay operation. 

(c) With third harmonic current the secondary and tertiary currents 
will be similar, cancelling out to produce negligible restraint on the 
relay. 

The operate and bias current outputs from the three rectifiers are 
connected in a simple circulating current circuit and a polarised, moving-coil 
relay is connected across the rectifiers such that if the operate current 
exceeds the bias current, input current will flow through the relay in the 
direction required to operate it. When the bias current predominates then 
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PBTR PERCENTAGE BIAS TRANSFORMERS & RECTIFIERS 

IBR INRUSH BIAS RECTIFIERS 

DCT DIRECTIONAL CIRCUIT TRANSFORMERS. 

FN FILTER NETWORKS. 

SPR SENSITIVE POLARISED RELAY. 

OR “OPERATE” RECTIFIERS. 

ACE AUXILIARY CONTACTOR ELEMENT. 

Fig. 15-50. — Biased differential protection with harrrwnic restraint applied 
to a three phase delta/ star transformer {The General Electric Co. Ltd.). 
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BIAS OUTPUT TO 
DIFFERENTIAL RELAY CIRCUIT 



R. PHASE ONLY ENERGISED 


lo FOLLOWS PEAKS 



lo AVERAGE IS 1.5 TIMES THAT OF ONE PHASE ONLY 


Fig. 15-51. — Showing series connection of R.Y.B. rectifiers (diagram shows 
those for percentage bias) (The General Electric Co. Ltd.). 
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the current in the relay flows in the reverse cjiirection and will hold the 
movement against a backstop. ^ 

In a three phase arrangement, shown in Fig. 15-50, each phase has its 
own percentage bias and differential circuit transformers, filter circuit and 
set of three rectifiers. The red, yellow and blue phase rectifiers of each 
purpose are connected in series as shown typically for the percentage bias 
rectifiers in Fig. 15-51. With this circuit, the output current lo from the 
group of three rectifiers will, at any instant, correspond with the maximum 
current obtaining in any one phase. A single relay provides for three phase 
protection and is subjected to the biasing effects of the phase carrying the 
greatest through current and/or second harmonic current at any instant and 
to the operating effects of the phase carrying the greatest fundamental 
frequency current in its differential circuit. An inherent characteristic of 
this circuit is that on through three phase faults the relay biasing is i '5 times 
that produced by line to earth or line to line faults of the same magnitude 
and similarly, the relay has i -5 times the sensitivity to three phase internal 
faults than to other faults. 

The second scheme we shall note is one due to Associated Electrical 
Industries Ltd., in which a relay (designated *‘Stabilay*') of the three-element 
pattern is used. Each clement consists of a permanent magnet moving-coil 
unit, shown in Fig. 15-52, and in which three coils are wound on a ught- 
weight cylindrical metal former suspended horizontally between the con- 
centric poles of a permanent magnet. The three coils are used respectively 
for ''differential operation", "harmonic current restraint" and "percentage- 



Fig. i5-52‘ — Cross-sectional view of **Stabilay'* relay element (Associated 
Electrical Industries Ltd,), 
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K HARMONIC BIAS RESISTOR 

Rl LOAD BIAS ADJUSTMENT 

CT. 1 . AUX. CT. FOR BIAS COILS 

C.T. 2 . AUX. C.T. FOR OPERATING COIL 

XlXC FREQUENCY ACCEPTOR CIRCUIT 

B.C. BIAS COILS 

O.C OPERATING COIL 

H.S. HIGH SET WINDING OF CONTACTOR 

S. E.C. “STABILAT’ ELEMENT CONTACT 

T. S. TRIP SUPPLY 

F.C. FLAG INDICATOR CONTACT 



Fig. 15-53. — Single phase diagram of percentage differential protection with 
harmonic restraint applied to a two-winding transformer (Associated Electrical 

Industries Ltd,). 
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differential restraint*' and being energised by direct current, many of the 
problems associated with alternating currents are simplified, the character-* 
istics being naturally linear. Because the working flux is supplied by the 
field-magnet system the energy to be provided by the coil winding is small, 
making possible a large ratio of minimum operating current to continuous 
rating, together with a reduction in the burden imposed on the current 
transformers due to the low impedance of the coil This relay has been 
discussed in greater detail in a paper by Ryder, Rushton and Pearce (see 
bibliography). 

Fig- i5“53 shows one phase of this protective scheme (the other two 
phases are similar) applied to a two-winding transformer. An acceptor 
circuit Xc and Xl tuned to the fundamental frequency, is connected in 
series with the relay operating coil, the voltage developed across this tuned 
circuit being connected through a resistor to energise the restraining coil 
on the relay. For currents of fundamental frequency (e.g. fault currents) 



MEAN BIAS CURRENT— i( 1 i + 1 ,) AS PERCENTAGE OF RATED CURRENT 

Fig. 15-54. — Restraint characteristic for biased differential relay having equal 
percentage setting and bias (Associated Electrical Industries Ltd.), 


the tuned circuit has a low impedance and thus effectively short circuits 
the bias coil. For harmonic currents the impedance of the tuned circuit is 
greater and a high proportion of the operating coil current is passed through 
the bias coil. The ratio of operating-coil turns to bias-coil turns is arranged 
to ensure adequate restraint during the magnetising current inrush period. 
The resistor in series with the harmonic restraint coil is preset and ensures 
ade^ate restraint for the most severe switching; surges. 

The percentage bias feature in this scheme is derived from the au^dliary 
current transformer connected in one of the pilot wires between the primary 
and secondary line current transformers thus carrying the through-current. 
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The auxiliary transformer secondary output is fed to the percentage bias 
coil through its associated rectifier, across which is connected an adjustable 
resistor to give a continuously variable adjustment on a calibrated scale of 
the percentage bias slope. Fig. 15-54 shows this slope characteristic. As 
noted in earlier discussion, imperfect matching of current transformers and the 
effect of tappings on the power transformer invariably leads to some “spill" 
current flowing in the operating coil current when a heavy through-fault 
condition arises, this current being represented by I1-I2 in the inset diagram 
Fig. 15-54, and this can only cause relay operation when the operating bias 
current ratio for which the relay is set is exceeded. The magnitude of the 
current to cause operation is not constant, but automatically increases as 
the circulating current increases and a definite ratio exists between the two 
quantities. The curve Fig. 15-54 shows the differential current (Ii— 12) 
related to the mean circulating current [(I i+l2)/2] as a percentage of rated 
current. In the illustration the “nominal bias line" is that due to spring 
restraint and at low values of mean circulating current this exercises over- 
riding control but at larger values it becomes relatively unimportant and the 
“actual bias line" approaches the “nominal bias line", the slope of which is 
the adjustment. The relay will be operative for conditions above the 
“actual bias line" and inoperative for conditions below it. The choice of 
per cent bias must be based on the per cent unbalance on overload for which 
stability is desired and “per cent bias" is defined as the ratio of out-of- 
balance current to the mean circulating current (expressed as a percentage) 
for which the relay would operate with zero spring control. 

When it is required to apply restricted earth-fault protection to one 
or both windings of a two-winding transformer, in addition to the differential 
protection, this can be combined as shown in Fig. 1 5-55 to show a consider- 
able economy in the number of line current transformers required. It is 
important, however, that the line current transformers satisfy the require- 
ments of both schemes. 

In another scheme, known as “Duo-bias" (A. Reyrolle and Co, Ltd.), 
the basic principle of current balance has been maintained, but with features 
incorporated to produce a percentage-bias to prevent operation by out-of- 
balance currents due to tap changing and current transformer inequalities 
and a transient-bias to give stability with magnetising inrush currents, the 
latter, as we have seen earlier, containing a strong second harmonic and 
used to provide a biasing feature. 

The relay used in this scheme is of the transductor type in which both 
the biasing features are combined in a single relay and in which the biasing 
and operating quantities are compared in a static device, i.e. the transductor, 
and the d.c. electromagnetic relay energised from the transductor is 
sufficiently robust as to not require repeat-contactors. 

The basic elements of a single pole relay are shown in Fig. 15-56. A 
three limbed core of high-permeability steel has two groups of windings, 
one on the outer limbs comprising the operating winding and the output 
winding (which are inductively lideed) and the other on the centre limb 
comprising the bias winding and the smoothing winding (also inductively 
linked). There is however, no inductive linking between the two groups of 
windings. 

In a simple biased differential scheme of protection, the relay is connected 
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A. C.T. AUXILIARY TRANSFORMERS 

C.B.T. CORE BALANCE CURRENT TRANSFORMER 
E.T. EARTHING TRANSFORMER 

E.R. EARTHING RESISTANCE OF IMPEDANCE 

E.F. EARTH-FAULT RELAYS (RESTRICTED) 

B. R. BIASSED DIFFERENTIAL RELAY. 

Fig. 15-55. — Typical scheme for differential and restricted earth fault 
protection of a deltajstar transformer (Associated Electrical Industries Ltd,), 


as shown in Fig. 15-57. The operating winding is connected across the 
pilots and is therefore energised by the out-of-balance current, ^d the bias 
winding is connected in series with the pilots through an auxiliary trans- 
former and a rectifier and is therefore energised by the circulating current 
in the pilots. .... , 

With external faults, the bias winding is energised by full- wave rectified 
current of a value dependent upon the magnitude of the fault current. This 
produces a high saturation throughout the core, the smoothing winding 
acting to suppress the ripple in the m.m.f. due to the ripple in the bias 
current. Any out-of-balance currents in the operating winding superimpose 
an alternating m.m.f. on the bias m.m f. as shown in Fig. i5-58(a) but the 
resulting m.m.f. produces only a relatively small flux change in the core. 
There is, therefore, only a relatively small output to the relay if the out-of- 
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OPERATING-WINDING(A.C.) 



Fig, 15-56. — Transductor type relay for ''Duo-bias* 
protection (A. Reyrolle & Co., Ltd.). 



Fig. 15-57. — Transductor type bias relay used in simple differential protection 
(A. Reyroue & Co. Ltd.). 
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balance current is less than a certain percentage qf the biasing or circulating 
current. ' 

If an internal fault is fed from one current transformer, only one-half of 
the bias winding is energised, but the operating winding is energised by the 
full secondary equivalent of the internal fault current. For these conditions 
the operating winding m.m.f. greatly exceeds the bias m.m.f. and the 
resultant flux changes in the core are sufficient to cause operation of the 
output relay. (See Fig. 15-58(6).) 



Fig. 15-58. — Fluxes due to operating and biasing ampere-turns ** Duo-bias** 
protection (A, Reyrolle & Co, Ltd.), 


The bias characteristic obtained by such a relay is shown in Fig. 15-59, 
and is substantially linear. 

In practice, a construction involving two separate cores coupled by the 
bias winding and the smoothing winding is used, this being equivalent in 
operation to the single core type, but having some practical advantages. 



Fig. i5"59‘ — Characteristics of transductor type bias relay 
(A. Reyrolle & Co. Ltd.). 
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A harmonic bias unit (F in Fig. 15-61) compiiscs a tuned circuit wl^ch 
picks oil the second harmonic component of the magnetising surge current 
in each phase and after rectification and summation, the total bias so obtained 
is applied to the biasing windings of the transductors. 

The wave shape of the magnetising current surge is shown typically in 
Fig. 15-60. It may be noted that a current-wave of this shape may occur 
in only two phases of a three phase transformer, the third being energised 
by a substantially symmetrical transient, not so large as the asymmetrical 
one but still large compared with the setting of the protective scheme. To 
ensure stability, the same biasing current is applied to the biasing coils of 
all three phases connected in series. 

Fig. 15-61 shows the *‘Duo-bias** scheme as applied to a delta/star 
transformer. 

FEEDjER PROTECTION 

We have shown in our earlier discussion how discriminating overcurrent 
and earth fault protection can be applied to series, parallel, or ring main 
feeder circuits by various means depending on circumstances, using time- 
graded and/or directional or non-directional relays. We have also noted 
the application of the circulating current system of protection as applied 
to generator and transformer circuits and, in passing, that this can be applied 
to feeder circuits subject to the availability of pilot cables running the full 
length of the cable, often perhaps, for many miles. This means that 
considerable resistance can exist in the pilots and lead to difficulties with a 
circulating current scheme. Moreover, with long pilots, many difficulties 
arise due to capacity currents which tend to flow in the relay circuit unless 
the pilots are sheathed or special devices are employed to neutralise them. 

Because of these problems the system known as “balanced voltage*' 
came into favour in which the relays, Ideated at each end of a feeder, are 
connected in series t|irough the pilots and so arranged that no current flows 
in the pilots under normal conditions and, in present-day schemes, with a 
bias feature to overcome the inherent out-of- balance currents due to pilot 
capacitance and current transformer inequalities. 

Schemes operating on both the circulating current and balanced voltage 
principles in which the problems enumerated have been taken into account 
will be described, but because of the many available, and the progress and 
improvements which are continuously being made, our description will be 
brief leaving the student or user to study the respective schemes in greater 
detail from the papers noted in the bibliography or from the named manu- 
facturers's published literature. Space must be found here too to mention 
schemes which eliminate the need for pilot cables, adding to the need for 
brevity. 

First we may note a circulating current system known as “self-compen- 
sated" (Associated Electrical Industries Ltd.), which requires a three core 
pilot cable. 

From the schematic diagram, Fig. 15-62, it will be seen that in addition 
to the current transformers at each end of the line, a pilot compensator and 
a vibrating reed relay are used. The compensator comprises a conversion 
transformer, a resistance and an auto-transformer. The conversion trans- 
former, comprising primary and secondary windings, is so connected that a 




A. AUXILIARY TRANSFORMER. 

B. OPERATING WINDINGS. 

C. BIAS AND SMOOTHING WINDINGS. 

D. OUTPUT WINDINGS 

E. OUTPUT RELAY 

F. HARMONIC BIAS UNIT. 


Fig. 15-61. — Application of Duo-bias” protection to a delta/ star transformer 
(A. Reyorlle & Co. Ltd.). 



PROTECTIVE GEAR 





a-PHASE BU^ BARS. 


PROTECTIVE CURRENT 
TRANSFS. 


CONVERSION 

TRANSFORMES 

AUTO-TRANS. 
AND RES. 


PILOT 

COMPENSA- 

TOR 


VIBRATING REED RELAY. 


Fig. 15-62. — Self-compensating feeder protection — Schematic diagram 
(Associated Electrical Industries Ltd.), 


three phase primary current induces a single phase current in its secondary 
and it is more sensative to earth-faults than to phase faults. The resistance 
is adjustable to suit the length of pilot cable, while the auto- transformer has a 
ratio such that, in conjunction with the resistance, capacity currents in the 
pilots are eliminated. 

The vibrating reed relay operates on the resonance principle and remains 
undisturbed by any current other than that at a normal system frequency. 
Thus, transient currents induced in the circuit due to high-frequency 
disturbances will not cause false operation. 
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The principle of operation is as follows: — 

The single phase current induced in the secondary of the conversion 
transformer at one end circulates via two outer pilot wires with the single 
phase current similarly induced at the other end. The relays are connected 
one at each end of the centre pilot wire between equipotential points. 
Under healthy conditions {i.e, with currents of equal magnitude flowing into 
and out of the feeder) no current will flow in the centre pilot and the relays 
will not be energised. When a fault occurs on the protected section the 
inequality of currents in and out is upset, thus disturbing the balance in the 
outer pilots and causing a current proportional to the difference between 
incoming and outgoing primary currents to flow in the centre pilot, and 
on reaching the setting value, the relays at both ends of the feeder operate 
to trip out both circuit-breakers. Under normal load conditions, the current 
circulating in the two outer pilots is of the order of loo milliamperes and the 
voltage on the pilots is approximately lo volts. The latter rises momentarily 
to approximately 400 volts under maximum through-fault conditions. 

Another circulating current scheme is the * ‘Split- pilot'* (A. Reyrolle & 
Co. Ltd.), requiring a three core pilot cable as shown in Figs. 15-63 and 
15-64, the former showing the connections where the line current trans- 
formers are of the distributed air gap type (D.A.G. for short) and the latter 
where solid-core transformers are used and in which case the summation 
current transformer has a distributed air gap. 

It may be noted that in the schemes using D.A.G. current transformers, 
those at the two ends on one phase have the same winding ratio, but those in 
different phases have different winding ratios. In the scheme using a D.A.G. 
summation transformer the line current transformers are similar. 

Under healthy conditions the current due to the two sets of current 
transformers in series divides equally between the two parts of the split 
pilot. Therefore equal currents flow through the two windings of the 
differentially wound split-pilot transformers, neutralising each other so that 
no current flows in the relay circuit. The system is therefore stable, because 
the foregoing holds good no matter what value of current circulates in the 
pilot system and is thus proof against unwanted tripping due to through 
faults. 

The means provided for tripping when a fault occurs within the protected 
zone is that of the mid-point tripping connection, made as a plain cross- 
connection between a common pilot and one core only of the split pilot. 
This connection is made at middle and equipotential points. 

When an internal fault occurs, one set of cqrrent transformers such as 
at “A", Fig. 15-64, will carry a greater current than those at “B", and will 
generate a greater secondary current. This additional current will be 
imposed on a still balanced circuit, and will circulate along the left-hand half 
of the common pilot, across the mid-point connection to the middle point 
of the split-core, to which it is connected. From this point the additional 
current flows back to the left-hand junction of the split-pilot by two parallel 
paths — one, the short path represented by the left-hand end of split-pilot 3, 
and the other (a long path) represented by the right-hand end of split-pilot 3 
and the whole length of split-pilot 2. The ratio of these lengths is clearly 
1:3, three-quarters of the additional (tripping) current flowing in the short 
path and one quarter in the long path. 
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Fig. 15-64. — Split-pilot feeder protection (A. Reyrolle & Co. Ltd.). 
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In the differential windings of the split-pil<^t transformer at end 
one winding carries three-quarters of the tripping current and the dther 
one-quarter, both currents being in the same direction, giving a combined 
effect equal to one-half the tripping current. In the split-pilot transformer 
at end ‘"B"' each winding carries one-quarter of the tripping current, but in 
opposite directions, the combined effect being equal to one-half. 

Thus, the difference current due to a fault is divided to provide equal 
tripping energy at each end. In the case where a D.A.G. summation 
transformer is used, it is necessary to include a diverter reactor, the purpose 
of which is to compensate for the unbalance due to the use of solid-core 
current transformers. 

A well-known scheme of feeder protection is that known by the name 
''Translay** (Associated Electrical Industries Ltd.) and requiring only two 
pilot wires for a three phase feeder. 



Fig. 15-65. — Simplified diagram of **Translay* feeder protection 
{Associated Electrical Industries Ltd,), 


The name “Translay*' is evolved from the fact that the relay embodies a 
transformer feature. It provides complete protection against both earth and 
phase faults and can be applied to single or three phase feeders, transformer 
feeders, feeders with a tee-off and parallel feeders. It is based on the estab- 
lished principle of the current entering at one end of a feeder being equal at 
any instant to that leaving at the other. 

In its simplest form, operation of this system can be followed by reference 
to the simplified diagram, Fig. 15-65, for a single phase feeder. It should be 
noted that for the sake of clarity, tripping circuits have been omitted. 

Under healthy conditions, current transformers 10 and loa carry equal 
currents, and the coils, ii and iia, induce equal e.m.f.'s in the windings, 
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12 and 12a. These latter windings are in opposition via the pilot wires with 
the operating windings, 13 and 13a, in series with them. Thus no forward 
torque is exerted on the disc. On the occurrence of a fault, the current 
through one transformer is greater than that through the other. A small 
current circulates through the operating windings and pilots, and when it 
reaches the set value causes the relay to close the tripping circuit and to 
disconnect the feedbar. 

This system, which is usually employed on a three phase circuit, has a 
single-element relay (type HO2) at each end of a feeder which gives protection 
against both faults between phases and faults to earth. The connections 
are those shown in Fig. 15-66, in which, for the sake of clarity, the tripping 
circuits are omitted. The action under fault conditions is as follows: — 



Fig. 15-66. — **Translay* protection applied to three phase feeder 
{Associated Electrical Industries Ltd.). 


Assuming a fault, F, between phases R and Y, fed in the direction of the 
arrows, the currents that flow in sections (i) of the relay primary windings, 1 1 
and iia, induce e.m.f.'s in windings 12 and 12a which, being now additive, 
cause a current to circulate in the operating coils, 13 and 13a, and the two 
pilot wires. Both the upper and lower electromagnets thus become 
energised and, if the fault current exceeds the value corresponding to the 
scale setting in use, the relays operate to trip their associated circuit-breakers. 
A fault between Y and B phases causes sections (2) of windings ii and iia 
to be energised and the relays to operate, while a fault between R and B 
phases causes operation by energising -sections (i) and (2) of windings ii 
and 1 1 a, the fault setting in this case being one-half of that for the R-Y and 
Y-B cases. 

In the event of an earth-fault on phase R, the resultant secondary current 
from the current transformer in phase R flows through the sections (i), 
(2) and (3) of windings ii and iia — ^assuming power flow to be in the 
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directions indicated by the arrows. As the e.m.jf.'s induced in windings 12 
and 12a are now additive, a current will circulate in the operating winmn^, 
13 and 13a, by way of the two pilots, thereby causing operation of me 
relays. The fault setting will be approximately one-half of that represented 
by the scale setting which is based on a fault on phase B, for which only sec- 
tions (3) are energised. In the case of an earth-fault on phase Y, current will 
flow only in sections (2) and (3) on windings 1 1 and i la, and the fault setting 
will now be approximately two-thirds of that represented by the scale 
setting. 

This form of protection can be applied to tee'd feeders (where the 
current entering is balanced against that leaving by two sources), to trans- 
former feeders (where transformer and feeder are switched as a unit without 
intervening circuit-breaker), and to parallel feeders (where a Translay 
element is combined with a directional element). The relays used for these 
schemes differ slightly. 

A balanced voltage scheme known as ‘'Solkor-A'* (A. Reyrolle & Co. 
Ltd.) employs a two core pilot cable, and ordinary solid core (hence the 
name **Solkor'') current transformers. Among its features are the use of 
saturable auxiliary current transformers and a tuned relay circuit. 

The effect of the saturable summation transformers is to distort the 
pilot voltage wave-form under heavy through-fault conditions so that the 
difference between the output voltages of the two **Solkor'* boxes at opposite 
ends of a feeder, due, for example, to dissimilarity of the current trans- 
formers at the two ends, is largely composed of higher harmonics. It follows 
that the out-of-balance current flowing in the pilot circuit is also composed 
of higher harmonics and so cannot cause wrong operation, since the relay 
circuits are tuned for 50 cycles. This tuning also makes the relays immune 
from operation by the high-frequency currents that could be set up by 
transients in the main cable. 

The saturable summation transformers also limit the pilot voltage and 
thus limit the 50 cycle pilot capacity current which is a common source of 
unbalance in voltage balance systems. 

Stability is still further improved by the use of restraining coils in the 
relays, these virtually increasing the relay settings with increase of through 
fault current. 

The way in which the main current transformers are connected to the 
summation transformers ensures response to both internal earth-faults and 
phase faults, and the tappings of the summation transformers are so arranged 
that the sensitivity to earth-faults is greater than to phase faults. 

The connections of the *'Solkor” plain feeder protective system are illus- 
trated in Fig. 15-67. The three current transformers at each end of the 
feeder are connected to tappings on the primary windings of the summation 
transformer, the secondary winding of which is in series with the pilots. 
A single pole rotating-armature electromagnetic relay is provided at each 
end of the feeder and its operating coil is energised from the secondary 
winding of a relay transformer, the primary winding of which is in series 
with the pilots. The operating-coil circuit is tuned by means of a condenser 
connected across the primary winding of the relay transformer, so that the 
relay responds to currents only at or near the fundamental frequency. 

The restraining coil is connected to a tertiary winding on the summation 
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C. TUNING CONDENSER 
O.C. OPERATING COIL 
R. RELAY. 

R.C. RESTRAINING COIL 

R. T. RELAY TRANSFORMER 

S. SUMMATION TRANSFORMER 

S. B. “SOLKOR*' BOX 

T. C. TRIP COIL 

Fig. 15-67. — **Solkor~A** protection applied to a three phase feeder 
(A. Reyrolle & Co. Ltd.). 


transformer and carries a current that increases with the primary current. 

Due to the interposing of the relay transformer, the relay is electrically 
separated from the pilots and therefore any high voltage induced in the 
pilots (for example, by earth-fault currents in the lead sheath of the pilot 
cable) does not appear in the relay, and the relay, therefore, is always safe 
to work on. 

The operation of this protective scheme with internal and external 
faults is as follows, reference being made to Fig. 15-67: — 

On the occurrence of an external earth-fault in the red phase, current 
flows out of the red phase current transformer secondary at the end X into 
the primary winding of the summation transformer at D, through the whole 
winding, out at A, and back to the current transformer. This produces a 
voltage in the secondary winding as shown by the arrow V. At the end Y 
an identical current flows into the summation transformer at A^ and out at 
D^, producing the secondary voltage, V^. 

The two secondary voltages, V and V^, are substantially’ equal in mag- 
nitude, both being produced by the same primary current but are in 
opposition. The effect on the relays of any small pilot current (due, for 
example, to difference in the characteristics of the current transformers 
and to pilot capacity current) is made negligible by the means already 
described. 
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With an internal fault fed from one end of^Ae feeder, one summation 
transformer is energised, and qurrent circulates in the pilots because fhere 
is no opposing volt^e at the other end. The pilot current traverses the 
primary windings of the relay transformers, wtuch are in series with the 
pilots and a current is therefore produced in the relay transformer second- 
aries which are connected to the operating coils of the relays. Operation 
takes place at both ends. If an internal fault is fed from both ends of the 
feeder, the two primary currents are in opposite directions and the resultant 
secondary voltages assist each other in circulating the pilot current. In 
systems in which the earth-fault current is necessarily small compared with 
the load current of the protected feeder, tappings on the summation trans- 
former enable very sensitive earth-fault settings to be obtained. 

This type of protection can be applied also to a tee*d feeder and to a 
feeder transformer unit where a high-voltage feeder is directly connected to 
the terminals of a power transformer, the combination being controlled by 
only one circuit-breaker at each end. 

The *‘Solkor-A’' scheme as depicted in Fig. 15-67 allows for the ideal 
arrangement where the ^'Solkor'* boxes (S B) can be mounted on or near the 
switchgear and the relays (R) can be separately mounted on remote relay 
panels. The design of the switchgear however may be such as to restrict the 
space available for the “Solkor*' box while ample room may be available at 
the relay panel. To meet such a condition, a scheme known as ‘*Solkor-B'' 
has been developed in which the whole of the equipment is contained within 
the relay case. 

In principle this scheme functions as described earlier, but the relay 
transformer has been dispensed with and the relay coil is connected directly 
in the pilot circuit. 

When discussing protective gear for transformer protection, we noted 
some brief details of the ‘'Stabilay'* relay and its use in a biased differential 
scheme of protection. Relays of the same pattern have been employed in a 
high-speed pilot wire biased differential scheme for feeder protection 
(Associated Electrical Industries Ltd.). It is of the balanced-voltage type 
and is designed for use with rented telephone type pilots. Fig. 15-68 is a 
simplified schematic diagram from which it is seen that resistance-loaded 
current transformers at each end of the feeder are connected through pilot 
wires and relay operating coils at each end to form a balanced-voltage 
circuit. Under normal load or through-fault conditions the current trans- 
former outputs at the two ends balance each other and no current will flow 
in the relay operating coils. Under internal fault conditions, this balance is 
upset and current will flow causing the relays to operate and trip their 
associated circuit-breakers. The relay is fitted with a second coil, a restraint 
coil. Under through-fault conditions, when a relatively high voltage is 
established across the pilots, each relay will \;>e influenced by a restraining 
force large enough to allow a considerable degree of unbalance in the 
bahnced-voltage circuit. 

A three-element instantaneous two pole overcurrent and single pole 
earth-fault relay is included in the circuit, eneigised directly from the line 
current transformers. These relays have normally open contacts on each 
element and these are paralleled and connected in the tripping circuit of the 
differential relay, as shown inset in Fig. 15-68 at Bi, B2 and B3. 
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A. STABILISING RELAY. 

Bi. Bj, B, CHECK RELAY (OVERCURRENT AND EARTH-FAULT) 

C. SUMMATION CURRENT TRANSFORMER 

D. SERIES TUNED ACCEPTOR CIRCUIT. 

E. BIAS RESISTOR (IN BIASSED DIFFERENTIAL RELAY) 

F. RESTRAINT COIL (IN BIASSED DIFFERENTIAL RELAY) 

G. OPERATING COIL (IN BIASSED DIFFERENTIAL RELAY) 

H. PILOT PADDING RESISTOR (IF REQUIRED) 

I, K. SERIES TUNING CIRCUIT 

J. PILOT TUNING CHOKE 
Lj PILOT SUPERVISION— D.C SUPPLY UNIT 
Ml. Ma PILOT SUPERVISION RELAY 

Fig. 15-68. — Simplified schematic diagram of biased differential feeder 
protection with **Stabilay** relay (Associated Electrical Industries Ltd.). 
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This relay is described as a check relay and, is used to eliminate false 
tripping should a defect appear on the pilots. This condition is detected by a 
system of continuous pilot supervision and the check relays prevent tripping 
due to the load current, which may otherwise occur with a faulty power 
circuit. The differential relay has a low setting, but the effective setting 
will be that of the check relay, varying from 100 to 200% for phase faults 
and 40-80% for earth-faults. Pilot supervision is injected at one end 
whilst pilot failure is detected by a polarised relay at the opposite end. 

The scheme provides that when an internal fault is fed from one end only 
the relays at the feeding end will operate to open the associated breaker. 
If the feeder is fed from both ends, as in parallel feeder or ring main systems, 
the relays and circuit-breakers at both ends will operate and trip to completely 
isolate the feeder. 

Magnetising inrush currents produced when a transformer is energised 
(see earlier discussion) flow through the surrounding transmission network 
and may cause the protective gear to operate due to the pronounced har- 
monics. The principle of harmonic restraint noted in the earlier discussion 
is applied in this form of feeder protection, using a tuned circuit shown at 
I and K in Fig. 15-68. 

When applying a scheme of this type to telephone type pilots some 
means of limiting the maximum voltage developed across the pilots is 
is essential. A non-linear (Metrosil) resistor connected across the secondary 
terminals of the summation transformer limits the voltage across the pilots 
to 130 volts peak. The choke J connected across the pilot wires tunes out 
the effect of pilot capacitance and completes the pilot supervisory circuit. 
An appreciation of the high-speed characteristics of this form of protective 
gear is obtained by noting that with a single infeed, the total operating time 
is of the order of five cycles (o*io seconds) for currents up to five times the 
setting falling to three cycles (o*o6 seconds) at maximum fault values. 

Another scheme operating on the balanced or opposed voltage principle 
requiring a two core pilot cable of the telephone type or conventional 
twin cable is the “Zedpilot” scheme developed by The General Electric Co. 
Ltd. In this, an internal fault, i.e. a fault at any point between the opposing 
groups of current transformers located at each end of the feeder, causes 
both feeder end circuit-breakers to be tripped open regardless of whether 
the fault is fed from one end or from both. 

As in other balanced voltage schemes, no current flows in the pilots and 
relay operating coils so long as the current in the primary line is equal in 
magnitude and compares in phase as between the entering and leaving ends. 

Fig. 15-69 is a schematic diagram of the system from which it will be 
seen that the three current transformers (of normal design) at each end of 
the feeder are connected to a summation transformer of the air gap type. 
The function of this summation transformer is to convert a three phase 
current input into a single phase voltage output and serve incidentally to 
isolate the pilots from the main current, transformers. A non-linear 
resistor connected across the secondary terminals of the summation trans- 
former effectively limits the voltage which can appear on the pilots to less 
than 300 volts peak. The relay used is a sensitive polarised unit employing 
a moving-coil movement for d.c. operation. Biasing (to obtain stability 
with heavy through-faults and current transformer inequalities) is obtained 
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Fig. 15-69. — Schematic diagram of ‘Zedpilot” feeder protective 
system (The General Electric Co. Ltd.). 
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in this scheme by employing a rectifier bridge cc^mparator circuit as shown 
in Fig. 15-70. In this arrangement the two a.c. operate and resttaint 



RELAY 

VHEN THE OPERATE RECTIFIER CURRENT OUTPUT EXCEEDS THE RESTRAINT 
OUTPUT, CURRENT FLOWS THROUGH THE RELAY IN THE DIRECTION TO CAUSE 

OPERATION. 

Fig. 15-70. — Biasing by rectifier bridge comparator (The General Electric 

Co, Ltd,), 

current inputs are rectified and flow in what is essentially a differential 
current circuit. The relay element is connected across the two rectifiers 
and if the operate current exceeds the restraint current input, current will 
flow through the polarised relay in the direction to cause operation. If, 
on the other hand, the restraint current input predominates, the current 
flowing through the relay is in the reverse direction and the relay movement 
is held against operation. 

An interesting feature of the *'Zedpilot'' scheme is that the relays may 
be used as intertrip devices, the application of a d.c. voltage to the pilots 
at one end causing the relay at the opposite end to operate and trip out the 
remote circuit-breaker. 

Thus the circuit-breaker at an attended end of a feeder may be opened 
by hand trip and the same operator can completely isolate the feeder by 
opening the remote circuit-breaker. 

The high speed of operation achieved by this scheme is indicated by 
the following: — 

100 milliseconds with faults of three times the just operate level 
50 milliseconds with faults of 10 times the just operate level. 

The increasing use of lightly insulated cables for communication circuits, 
remote control and telemetering has suggested the use of the same or 
similar cables for protection. These cables are, as a rule, privately owned 
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and therefore the terminal equipment is not subject to the stringent require- 
ments imposed when national communication pilots are used. 

The Reyrolle **Solkor-R*' protection has been specifically designed to 
meet these pilot cable conditions, i.e. relatively low insulation, relatively 
high core resistance, and privately owned, but its use is not in any way 
restricted to these conditions and it can be applied equally well to any 
feeder using any ordinary kind of privately owned pilot cable. 

The basic protective circuit is that shown in Fig. 15-71. As we have 
noted in our general discussion on the circulating current principle, the 
protective relay operating coils are connected in shunt with the pilots across 

E oints which have the same potential when current circulates round the 
)op. In this scheme, equipotential relaying points during external faults 



Fig. 15-71. — Basic circuit of **Solkor-R** high-speed feeder protection, 
(A. Reyrolle & Co. Ltd.). 


exist at one end during one half-cycle of fault current and at the other end 
during the next half-cycle. During the half-cycles when the relay at either 
end is not at the electrical mid-point of the pilot system, the voltage appearing 
across the relay is in the reverse direction to that required for operation. 

At each feeder end, the secondaries of the line current transformers are 
connected to the primary of a summation transformer. For various types 
of current distribution in the three current transformers, a single phase 
quantity appears in the summation transformer secondary and is applied 
to the pilot circuit. Thus the comparison of currents entering and leaving 
the feeder is on a single phase basis. In the basic diagram, the resistance 
of the pilot cable is represented by Rp, the rest of the loop comprising the 
resistors Ra and the rectifiers Mi and M2. The operating elements which 
are made unidirectional by rectifiers M3 and M4, are connected in shunt 
with the pilots at points X and Y. 

When a fault occurs external to the protected zone, an alternating current 
circulates around the pilot loop. On alternate half-cycles one or other of 
the resistors Ra at the two ends of the pilot is short-circuited by its associated 
rectifier Mi or M2, and the total resistance in the pilot loop at any instant is, 
therefore substantially constant and equal to Ra+Rp. The effective 
position 01 Ra, however, alternates between the two ends being dependent 
on the direction of current. This change in position of Ra makes the voltage 
distribution between the pilot cores different for successive half-cycles of 
the pilot current, the effective circuits on successive half-cycles being shown 
in Fig. 15-72 at (a) and (h). 
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Fig. 15-72. — Behaviour of basic circuit under external fault conditions, 
(a) and (b) show effective circuits during alternate half-cycles (A. Reyrolle & 

Co. Ltd.). 


These diagrams indicate also the resulting potential-gradient between 
pilot cores when Ra is equal to Rp and it will be seen that the voltage across 
the relays at points X and Y is either zero (because the relay is at an electrical 
mid-point) or in the reverse direction for conduction of current through 
rectifier M3. Therefore, when Ra=Rp, a reverse voltage appears across the 
relay circuit during one half-cycle and zero voltage during the next. The 
voltage across each relaying point X and Y during a complete cycle is shown 
in Fig. 15-73 at (a). 


VOLTAGE ACROSS RELAYING POINT X 



(a) WHEN 


Ra 


VOLTAGE ACROSS RELAYING POINT Y 



(b) WHEN Ra>Rp 



Fig. 15-73. — Voltage across relaying points X and Y during one cycle of 
external fault current (A. Reyrolle & Co. Ltd.). 


In practice, resistors Ra are made greater than the pilot loop resistance 
Rp and this causes the point of zero potential to occur within resistors Ra 
as shown in Fig. 15-74, and the voltage across X and Y throughout a 
complete cycle is now that shown at (b) in Fig. 15-73. 
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Fig. 15-74. — Behaviour of basic circuit under external fault conditions when 
Ra is greater than Rp. (a) and (b) show effective circuits during alternate 
half-cycles (A. Reyrolle Co. Ltd.). 
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Thus, instead of having zero voltage across each relay on alternate 
half-cycles, there is on both half-cycles a voltage in the reverse direction to 
that required for operation and as this voltage must be overcome before 
operation can take place the effect is to enhance the stability on through 
faults. 

When a fault occurs within the protected zone and with current fed 
equally from both ends, the effective circuits during successive half-cycles 
are those shown at (a) and (b) in Fig. 15-75. From this it is seen that 


Ra X Rp Y Ra 



Fig. 15-75. — Behaviour of basic circuit under internal fault conditions fed 
from both ends, (a) and (b) show the effective circuits during alternate half- 
cycles (A. Reyrolle & Co. Ltd.). 




PROTECTIVE GEAR 


527 


pulses of current pass through each relay on alternate half-cycles and the 
relays at both ends will operate. If the cuirent is fed from one end only, the 
relay at the remote end (in series with the pilot loop resistance Rp) is 
energised in shunt with the relay at the feeding end. The relay at the 
feeding end operates at the setting current and the relay at the remote end 
at approximately 2*5 times the setting current. Providing therefore, that 
the fault current is not less than 2*5 times the fault setting, the relays at 
both ends operate to completely isolate the circuit. 

Fig. 15-76 is a schematic diagram of the complete protective system. 

All schemes of differential protection for feeders so far described have 
required the use of pilot cables. When a feeder is of any length this can be 


FIXED RESISTOR 



FIXED RESISTOR 



iS-kV INSULATION 


^ NON LINEAR RESISTOR 


-^SELENIUM RECTIFIER 


Fig. 15-76. — Schematic diagram of complete *'Solkor-R'* protective system 
(A. Reyrolle & Co. Ltd.). 

costly and is rarely economical when the line is greater than 1 5 to 20 miles 
in length. 

It is natural, therefore, that a scheme or schemes should be sought in 
which discriminating protection is obtained without the use of pilot cables 
and two such schemes which have been available for a number of years are 
those known as “Distance" (or “Impedance") and “Carrier Current". 
The complexity of the modern versions of both are such as to make it impos- 
sible to give other than a brief indication of the basic principles. 

The basic principle of distance protection is that the distance between 
any point in the power system and a fault is proportional to the ratio of 
voltage to current (V/I), i.e. the impedance (Z) between the two points. 
The protection, therefore, provides time grading in accordance with the 
line impedance, the operating time increasing with distance from the 
fault. If, for example, in Fig. 15-77 we assume a fault at F, then it is clear 
that the circuit-breaker associated with relay Ri should be the one to open 
and clear the fault, leaving the breakers at R2 and R3 closed. The simple 
sketch Fig. 15-77 shows that this will be so because the ratio V/I at this 
point will be lower than at relays R2 and R3. 

In this form of protection, the increase in operating time is in steps and 
a typical distance/time characteristic for the Reyrolle “Selecta-Mho" type 
of protection is shown in Fig. 15-78. 
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From this, starting at A, it will be seen that there is, to all intents and 
purposes, an instantaneous operating zone covering 8o per cent of the feeder 
A-B. This is followed by a time-lag zone covering the remainder of this 
feeder and a portion of the series feeder B-C. A third stage of non- 
directional definite time lag overcurrent protection follows for the remainder 
for back up protection. 

The *'Selecta-mho'' scheme uses a single distance element of the 
polarised mho (directional impedance) type. The protection is started by 
three instantaneous overcurrent elements which select the current and 
voltage supplied to the mho element according to the type of fault. In 
order that the overcurrent relays may always make this selection correctly, 
their current setting must always be higher than the full- load current of the 
feeder and this presupposes that the available fault current must also be 
higher than full-load. This is not always the case in networks above 33 kV. 

As previously mentioned, the distance measuring relay is of the direc- 
tional impedance type having a mho type characteristic, which means that 
it operates if the line impedance from the relay point to the fault is less than 
a predetermined value when the fault power flows in a given direction. 

For higher voltage lines and/or where system conditions are such that 
fault currents may be less than normal full-load current, the same Company 
have available another scheme known as “Type H High Speed Impedance" 
protection. This scheme employs separate distance measuring elements 
of the polarised mho type for each type of fault, with separate offset 
impedance elements for starting. 

In a scheme of carrier- current protection known as “Telephase", 
developed jointly by A. Reyrolle and Co., and The General Electric Co. 
Ltd., the circulating current principle of comparing the magnitudes and 
phase angles of the currents at the two ends of a protected circuit is modified 
in that when the fault current setting is reached or exceeded, the comparison 
is made only between the phase-angles of the currents at the two ends of the 
protected circuit. Simultaneous measurement of such phase displacement 
at both ends is made possible by means of a high-frequency carrier link, 
the carrier signals being transmitted to the main power lines from both ends. 
This involves, as the block diagram Fig. 15-79 shows, transmitting and 
receiving fault detection and high-frequency line-coupling equipment at 
both ends of the line. 

BUSBAR PROTECTION 

The types of protection so far discussed have been concerned with the 
protection of the section of the electrical network with which they are 
associated, i.e. generators, transformers and feeders. This is shown in 
diagrammatic form in Fig. 15-80, from which it will be noted that at any 
switchboard there may be a most vital section without protection against 
possible faults — a section known as the busbar zone. 

This zone may be regarded as being so important that it must be kept 
free from damage, and it is to this end that busbar zone protective schemes 
have been introduced. Whether such protection is provided or not depends 
on whether the position in the network and the main switchgear at key power 
stations are of sufficient importance to warrant the additional expenditure 
involved. 
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BUSBARS 


Fig. 15-79 . — Block diagram showing method of connection of ** Telephase** protection using phaselphase 
line coupling, (A. Reyrolle & Co, and The General Electric Co, Ltd,), 
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In some instances, back-up overcurrent protection on generators or 
transformers will give some degree of busbar protection, but only after a 
relatively long time in which considerable damage may be done. 



T TRANSFORMER G GENERATOR 

PROTECTION PROTECTION 

F FEEDER PROTECTION FB FIELD BREAKER 

Fig. 15-80 . — Diagram illustrating unprotected zone in power station. 

The ideal system of applying protective gear to a power system is for 
each component to be protected by a high-speed discriminative scheme 
which provides for each adjacent protective scheme to overlap (as shown in 
Fig. 15-81), thus leaving no item unprotected, but isolating only the section 
which is faulty. Economic considerations, however, often dictate that 
deviation from the ideal must be accepted. 

Space does not permit a detailed description to be given of the many 
forms of busbar zone protection. For such details the reader should make 
reference to descriptions which are given in some of the papers and books 
noted in the bibliography and, also, to special literature issued by the 
manufacturers, notably A. Reyrolle & Co. Ltd., The General Electric Co. 
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T TRANSFORMER PROTECTION FB FIELD BREAKER 

F FEEDER PROTECTION B BUSBAR 

G GENERATOR PROTECTION PROTECTION 


Fig 15-81 - -Diagram illustrating overlap protection to cover busbar zone 


Ltd., Associated Electrical Industries Ltd., and The English Electric Co. 
Ltd. 

It will be convenient, however, to note two schemes: (a) that known 
as “Leakage to Frame*' which is applied to relatively simple layouts of 
metalclad switchgear, and (b) the “Mono-bias** scheme of A. Reyrolle & Co. 

In (a) protection against earth-faults only is given, means being provided 
to ensure that any current flowing to earth — as a consequence of a switchgear 
fault — will flow through a fault detecting device. It requires the insulation 
from earth of the main switchgear framework, the main cable glands, and 
any auxiliary cable glands, as shown in Fig. 15-82. 

The framework is bonded to earth at one point, and a current trans- 
former is mounted on the bonding connections. The fault current due to 
earth-faults within the busbar zone, i.e. to the switchgear framework, flows 
from the framework to earth through the current transformer primary and 
thus energises the simple relay sequence, bringing about the tripping of all 
circuits connected to the busbars. 
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The **Leakage-to-Frame** system requires a minimum of equipment and 
is used extensively with switchgear of the smaller breaking capacities. Special 
insulation between the framework and earth is not considered necessary, so 



long as the holding-down bolts are kept reasonably clear of reinforcing and 
similar metalwork; insulation resistances of 5 to lo ohms are then obtained. 
The main cable glands however, must have insulation of a flashover value of 
12 to 13 kV in order to prevent flashover from induced voltage in the cable 
sheaths during faults. 

To check the flow of primary earth- fault current before allowing tripping 
to take place, it is usual to provide an earth-fault relay operated from 
current transformers at the neutral earthing points or in the incoming 
circuits, as shown. This gives two simple independent lines of defence, and 
prevents inadvertent tripping by current flowing in the frame as a result 
say, of the accidental short-circuiting of an auxiliary supply. 

The system can be applied to sectionalised switchboards in two ways, as 
shown in Fig. 15-83. In (a) the section switch is insulated from both 
sections of the switchgear, three zones of insulation being formed. A fault 
in a section of switchgear would result in the tripping of the faulty section 
only, but a fault in the section switch zone would result in the tripping of all 
the circuits connected to the switchboard because the fault may be on either 
side of the section switch. 

A two-zone system is sometimes used with sectionalised switchboards 
the section switch being included in one of the zones, as shown in (b) of 
Fig. 15-83. Provision is made, however, to trip the left-hand zone after a 
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discriminative time lag, if the fault current persists after the tripping of the 
right-hand zone. This ensures the complete clearance of a fault between the 




(C) 


Fig. 



15-83 . — ** Leakage to Frame'* bus-zone protection. 


section switch and the insulating barrier. In such an arrangement, it is 
desirable to have the earthed source of power connected to the left-hand 
section or, alternatively, to have a source of earth- fault current connected to 
each section. 

The scheme is applied to duplicate busbar installations as shown in Fig. 
15-83 (c). Owing to the practical difficulties of insulation between main and 
reserve busbars, discrimination between busbars is nor possible. The 
scheme shown in (c) would operate as shown in (a) with the addition that all 
circuits connected to the reserve busbar would be tripped, irrespective of 
the position of the fault. 

The ‘*Mono-bias" system was developed to meet increasing demands 
for higher fault clearance speeds and higher transient stability. It is based 
on the Merz-Price principle of current balance, but it also has a novel 
biasing feature, which is effective for external faults of all kinds. Two 
independent lines of defence for stability with external faults are normally 
provided, both of the biased Merz-Price balance type. 
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Fig. 15-84. — Mono-bias * bus-zone protection (A. Reyrolle & Co, Ltd.), 


The essential connections of the ''Mono-bias'* system are shown in 
simplified form in Fig. 15-84, which illustrates its application to a single 
section of busbar with four circuit-breakers. Each primary circuit has three 
current transformers with their secondaries in parallel and connected through 
opposite-polarity rectifiers to two bus- wires A and B. The master relay 
may be considered as having two equal bias coils connected across the bus- 
wires, an operating coil connected between the junction of the bias coils, 
and a common bus-wire joining one side of the current transformers. 

At any instant during an external fault, the secondary current in the 
current transformers carrying fault current towards the busbars is opposite 
in polarity to that in the current transformers carrying fault current away 
from the busbars. This means that while current is fed from one current 
transformer group through a positively-connected rectifier to bus-wire A, 
an equal current is fed from bus-wire B through a negatively- connected 
rectifier to the other current transformer group. This happens no matter 
which half-cycle of fault current is considered. If current flows into bus- 
wire A and out of bus-wire B for both half-cycles of fault current, the bias 
coils, “a" and “b" must carry full- wave rectified current. It can also be 
shown that similar conditions obtain when the external fault is fed into and 
out of the busbars by any number or combination of circuits and that the 
value of the full- wave rectified current through the bias circuit is the second- 
ary current equivalent to the arithmetic sum of the outgoing or incoming 
fault currents. On the other hand, the operating coil "c" carries the 
difference between the current fed into bus-wire A, and the current fed 
away from bus-wire B, i.e. the vector sum of the secondary equivalent of the 
total fault current. Theoretically, this should be zero with an. external fault 
but, in practice, there is a small "spill" current. Under these conditions the 
control exerted by the bias coil is much greater than that exerted by the 
operating coil, and the relay restrains. For the purpose of illustrating the 
principle of the protection, the relay in Fig. 15-84 is shown as a beam-type 
relay; the actual "Mono-bias" relay is described later. 
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Fig. 15-85. — Relay characteristics — ** Mono-bias'' bus- zone Protection 
(A. Reyrolle & Co., Ltd,). 

With an internal fault, the direction of the fault current at any instant 
is the same in all circuits in which it flows. Thus, during one half-cycle the 
secondary current from the current transformer groups carrying fault 
current, is fed through the positively-connected rectifiers to bus-wire A, 
through the bias coil '‘a** and the operating coil and back to the current 
transformers by the common bus-wire. In the next half-cycle the secondary 
current from the current transformers is fed from the current transformer 
common bus-wire, through the operating coil **c'^ and the bias coil and 
back through the negatively- connected rectifiers to the appropriate current 
transformer groups. With internal faults, therefore, the operating coil 
carries the secondary current equivalent to the total fault current, whereas 
the bias coils *'b," and *'b*' carry alternate half-cycles of secondary current 
in the same direction. Under these conditions the operating ampere-turns 
exceed the bias ampere- turns and the relay operates. 

Fig. 15-85 shows the wave-form of the currents carried in the three 
coils '*a'*, 'V and ''c'' with external and internal faults. 

The actual relay used in this scheme has three components, namely, a 
relay transformer, a bridge rectifier and a telephone relay, arranged as shown 
in Fig. 1 5-86. The bias coils **a*' and consist of a centre-tapped winding 
on the middle limb of a three limbed high-permeability transformer core, 
and the operating coil consists of two windings, one on each outer limb. 
The middle limb also has a short-circuited winding, and the outer limbs 
have output secondary windings which are connected to the d.c. telephone 
relay through the bridge rectifier. 

As has previously been described, the bias coils and can be 
considered as carrying, during external faults, a full-wave rectified current 
ecjuivalent to the fault current. This produces a practically constant un- 
directional flux in the middle and outer limbs because the short-circuited 
winding operates to prevent flux changes, i.e. so that the flux is smoothed. 
The core is highly saturated and, hence, even relatively large out-of-balance 
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Fig. 15-86 . — Relay as used in Mono-bias** bus-zone protection (A. Reyrolle& 

Co. Ltd,). 

currents in the operating coil ‘‘c"' cause practically no flux-changes and, 
therefore, no output to the d.c, relay. The protection thus remains stable. 

With internal faults, the biasing effect is only half of what it is with an 
external fault, because the current flows in the bias coils ‘‘a'" and “b*' only 
in alternate half-cycles. Also, the operating coil ‘*c'' carries the secondary 
equivalent of the total fault current. The a.c. operating ampere-turns are 
now sufficient to overcome the biasing ampere-turns and to produce flux 
changes which cause voltages to be induced in the secondary windings and, 
thus, to operate the d.c. relay. 

There have been many recent developments in busbar zone protection 
such as those in which the moving coil relay with harmonic restraint have 
been employed (see paper by Ryder, Rushton, and Pearce and article by 
Rushton and Wellman, both noted in the bibliography) and a high imped- 
ance scheme introduced by A. Reyrolle & Co. Ltd., operating on the 
differential current-balance principle, the high impedance relay circuit 
being utilised to provide stability as against the bias method employed in 
*'Mono-bias*', which is a low-impedance scheme. In this scheme also, 
phase-fault settings equal to those for earth-faults are obtained whereas in 
**Mono-bias** the former are higher than for earth-faults. 

PROTECTIVE CURRENT AND VOLTAGE TRANSFORMERS* 

In Chapter XVI we shall note some of the features of current and voltage 

* During the life of this edition of the J. & P. Switchgear Book, revisions to B.S.Si and B.S, 
2046 are anticipated, probably combining current trar^ormers in one new specification and volt^ 
age transformers in another. Such new standards, if and when issued, should be regarded as 
superseding the data herein. 
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transformers as used for the operation of ins^bruments and meters, such 
transformers complying with B.S.8 1 . 

The requirements for transformers for these purposes are, however, 
often such as to be the opposite of those necessary for protective purposes 
as, for example, in the matter of accuracy. In the case of current trans- 
formers, those for metering purposes require to be accurate up to about 
20 per cent overload and will not be concerned with the measurement of 
heavy overcurrents. On the other hand, protective current transformers 
require to be accurate at currents above the rated current up to a high 
maximum so that the fault current is accurately reproduced in the secondary 
circuit for sensing by the protective system. The requirements of current 
transformer performance for protective purposes will differ as between 
non-balanced schemes and those in which balance is the criterion. 

Voltage transformers differ as between those used for metering purposes 
and those used for protection in that the latter require to be accurate at 
voltages below the normal, this being a condition arising when a fault occurs. 
They must, in certain forms of protection, be such as to provide a secondary 
residual voltage, as we have noted earlier in our discussion on direction^ 
earth-fault protection and the performance characteristics of the winding 
producing this voltage must be defined. 

In 1953, therefore, protective current and voltage transformers were 
removed from the sphere of B.S.8 1 * “Instrument Transformers*' and a new 
specification was issued, B.S.2046*, to cover the performance requirements of 
and the special characteristics applicable to current and voltage transformers 
for protective purposes. At the moment, this specification applies to trans- 
formers intended for use in non-balanced schemes such as overcurrent 
devices, both of the non-directional and directional types and for earth-fault 
relays with inverse definite minimum time-lag characteristics. 

The characteristics of protective transformers for other forms of 
protective gear where it is more precisely dependent on the magnitude and 
phase relationship of current and voltage (residual current detection on a 
system earthed through an arc -suppression coil is one example) or where 
the protective system is dependent on balance as in the differential schemes 
described earlier, may require characteristics not covered by B.S.2046 and 
the advice of the designers of the particular protective system must be sought. 

The introduction of B.S.2046 shows two new terms in relation to 
protective current transformers namely “rated primary saturation current" 
and “rated saturation factor**. The former is the maximum primary 
current at which the transformer will retain its prescribed accuracy while 
the latter is the ratio of the rated primary saturation current to the rated 
primary current. Four standard factors are specified, 5, 10, 15, and 20, with 
a recommendation that a saturation factor of 10 be used for general purposes. 
Thus, if this factor is acceptable a given current transformer would maintain 
its ratio within prescribed limits for primaty currents up to 10 times the 
rated primary current. One of the reasonings behind the recommended 
saturation factor of 10 is that many relays are not appreciably affected by 
further increase in operating current once they have reached the limiting 
time-characteristic and it is thus possible for the associated current trans- 
former to be designed to saturate at or just above this point, and the choice 
of 10 as a general purpose saturation factor is based on satisfactory experience 
in service in relation to relay performance as noted plus a study of the effects 
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of saturation in the magnetic circuit of current-operated relays on over- 
currents. 

In Chapter XVI, we shall consider the need to design current trans- 
formers to withstand the electromagnetic and thermal effects due to the 
passage of fault current in the primary for short time intervals. These 
considerations will apply equally to protective current transformers. 

Three classes of accuracy, designated by the letters S, T and U are 
recognised in B.S.2046, and the limits of ratio error at (a) rated primary 
current and (b) at any current above (a) up to rated primary saturation 
current, are given in Table 15:1. 


TABLE 15:1 


Class 

Ratio error at rated 
primary current 

(a) 

Ratio error above rated primary 
current up to rated primary 
saturation current 

(b) 


per cent 

per cent 

s 

±3 

±3 

T 

±5 

±10 

U 

± 7-5 

±15 


The maximum values of phase error for these classes are respectively 2®, 6® and 9®. 



Fig. 15-87 . — Typical magnetisation curve for a 50/5 ampere wound primary 
protective current transformer. 




PROTECTIVE GEAR 


541 


Fig. 15-87 shows a typical magnetisation cunfe for a 50/5 ampere wound 
primary current transformer designed for a protective Class S, vidth a 
burden of 15VA and having a saturation factor of 10. 

The limits of ratio error and phase difference for voltage transformers are 
given in Table 15:2. 


TABLE 15:2 


Applied primary 
voltage 

Burden at 
unity p.f. 

Ratio 

error 

Phase 

difference 

Per cent of 

Per cent of 

Per cent 

Degrees 

rated voltage 

rated burden 



50 and no 

100 to 25 

± 2-5 

±2-5 

5 and 10 

100 to 25 

±5 

±5 


Appendix B in B.S. 2046 is an excellent general guide to the determination of the appropriate 
ratings of a protective current tran^ormer for a number of specific purposes and this and a study 
of the papers noted in the bibliography will repay the student or user interested in this now 
specialised section of the protective gear art. 








542 


THE J. & P. SWITCHGEAR BOOK 

BIBLIOGRAPHY 


B.S. 142. Protective Relays. 

B.S. 2046. Protective Transformers. 

Automatic Protection of A.C. Circuits. G.W. Stubbings (Chapman & Hall, 
Ltd.) 

Electrical Engineers* Reference Book (George Newnes, Ltd.). 

Electric Power System Control (3rd Ed.), H.P. Young (Chapman & Hall, 
Ltd.) 

Protective Gear Handbook, M. Kaufman (Pitman & Sons). 

Protective Relays. A. R. Van C. Warrington (Chapman & Hall, Ltd.). 
Switchgear Principles. P. H. G. Crane (Cleaver-Hume Press Ltd.). 
*Trotection of Distribution Networks.** J. W. Richardson. 

“The Mining Electrical and Mechanical Engineer.** February, 1959. 
“Earth-Fault Protection on Medium-Voltage Systems.** P. T. 

Thornhill. “The Metropolitan- Vickers Gazette,** March, 1951. 

“A Method of Earth-Fault Protection with Current Limitation.** 
E. Loynes and F. Crowther. “The Mining Electrical and Mechanical 
Engineer,** February, 1961. 

“Applications and Limitations of Inverse-Time Overload Relays to 
THE Protection of an iikV Network.** J. W. Gallop and R. H. 
Bousfield. Journal I.E.E., 1940, Vol 87, p. 113. 

(1) “Application of Inverse-Time Overcurrent Relays.** R. W. 
Newcombe. “English Electric Journal,** Vol. XIV, No. s, March, 1956. 

(2) “Instantaneous Balanced Current Protection.** J. Rushton 
and F. E. Wellman. “The Metropolitan-Vickers Gazette,** May-June, 

1951- 

“The Protection of Electrical Power Systems: A Critical Review of 
Present-day Practice and Recent Progress.** H. Leyburn and 
C. W. Lackey. Proceedings I.E.E. Paper No. 1135S, February, 1952, 
Vol. 99, Part II, p.47. 

“A Moving-Coil Relay applied to Modern High-speed Protective 
Systems.** C. Ryder, J. Rushton and F. M. Pearce. Proceedings 

I. E.E., Paper No. 1450M, June, 1953. Vol. 100, Part II, pp.261-273 
(reprinted without appendices in the “Metropolitan-Vickers Gazette,** 
November, 1953). 

“Electrical Protection of Turbine-Generators.** C. Ryder “Elec- 
trical Review,** 28th August, 1959 (reprinted in the “Metropolitan- 
Vickers Gazette,** November, 1959). 

(3) * ‘Electrical Protection of Large Generator Units,** R. W. 

Newcombe. “The English Electric Journal,** May, 1959. 
“Instantaneous Balanced Current Protection,** J. Rushton and F. E. 

Wellman. “The Metropolitan-Vickers Gazette,** May /June, 1951. 
“The Application of Transductor Relays to Protective Gear,** 
R. K. Edgley and F. L. Hamilton. “Proceedings I.E.E.**, August, 
1952, Vol. 79, Part II. 

“Transformer and Protective Gear Circuit Analysis,** A. Salzmann. 
“Electrical Review,** 4th November, 1955. 

(4) “Intertripping Remote Circuit-Breakers,** A. P. Gordon and 

J. Rushton. “The Metropolitan-Vickers Gazette,** July/August, 1950 



PROTECTIVE GEAR 


543 

(s) "The Protection of Tee'd Feeders,” J. Rushton and F. A. Stacy. “The 
Metropolitan- Vickers Gazette,” October, i9S2. 

(6) "High-Speed Carrier Current Protection,” M. Kauiinann and 
J. W. Hodgkiss “Electrical Times,” sth August, 1945. 

"The Protection of Busbars and Switchgear,” A. Fitzpatrick, "G.E.C. 
Journal,” July, 1950. 

"Busbar Protection — ^The Theory and Application of Modern 
Systems,” I. A. Reid, "Electrical Review,” 7th June, 1957 (reprinted 
in “The Metropolitan- Vickers Gazette,” June, 1957). 

(7) “The Development of Busbar Protection,” R. W. Newcombe, 
"The English Electric Journal,” June, 1956. 

"Voltage Transformers and Current Transformers Assocuted with 
Switchgear,” W. Gray and A. Wright. "Proceedings I.E.E.” 
Paper No. 1398M, June, 1953, Vol. 100. Part II, p.223. 

“Protective Current Transformers,” A. A. Halacsy, "Electrical Times,” 
Sth July, 1954. 

"CxniRENT Transformers — Their BEHAVioxm on Balanced Circuits,” 
J. H. Toule, “Electrical Review,” 15th July, 1955. 

"The Fundamental Characteristics of Pilot-wire Differential 
Protection Systems,” J. Rushton "Proceedings I.E.E.”, Paper No. 
36458, October, 1961. 

"Introduction to Distance Relaying,” R. W. Newcombe, "Electrical 
Review,” 13th April, 1962. 

Note; Articles numbered thus, (i), (2), etc., arc available as reprints from 
various manufacturers as follows: — 
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(2) Associated Electrical Industries Ltd. — reprinted as a descriptive leaflet 

No. 2207-1. 

(3) English Electric Co. Ltd. — reprinted but unnumbered. 
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In the books by Kaufmann and Stubbings, chapters dealing with the 

maintenance and testing of protective gear are \^uable for study. 

In the "J. and P. Transformer Book,” 9th edition, further data on trans- 
former protection against surges and faults is given, coupled with 
information on transformer fsulures and their causes. 
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CHAPTER XVI 


INSTRUMENTS AND INSTRUMENT TRANSFORMERS 


In this chapter it will be our purpose to discuss (a) those indicating instru- 
ments most regularly used on switch and control boards and (b) the 
instrument transformers (current and voltage) which, in the majority of 
cases, are necessary for the operation of such instruments. 

In considering the instruments themselves, no attempt will be made 
to go into design details, these being more appropriately dealt with in 
specialist books on the subject and here discussion will be confined mainly 
to application. When dealing with instrument transformers however, some 
details of design will be studied because they form a significant part of a 
switchgear unit, current transformers in particular being subject to the 
effects of short-circuit as discussed in other chapters. 

INDICATING INSTRUMENTS 

The instruments normally required on any switchgear installation are 
those which give an indication of current, voltage, power (watts or kilowatts), 
frequency and power factor. 

Modern instruments for these purposes can be supplied in a variety of 
t3^s and sizes, e.g. round or square cases, projecting or flush mounting, 
open or protected dials and with scales of varying length. Cast-iron as a 
material for the case is still used in some instances as for example sector 
and controller types of instrument but for switchgear or control board use, 
the pressed steel case is almost universal giving a neater appearance and 
being much lighter in weight. 

Considerable attention has been given in recent years to "appearance 
design" of both switchboards and control boards, one feature of which has 
been to reduce to a minimum the number and magnitude of projecting 
parts and a natural consequence has been the greater use of flush mounting 
instruments instead of the projecting type which at one time was standard 
practice. 

Switchgear has, at the same time, been reduced in dimensions and this 
has led to a more general acceptance of the 4 inch instrument or at the 
most, 6 inch, instead of the space consuming 8 inch type. The miniaturisa- 
tion of remote control has depended largely on the use of smaller instruments 
and with the modern open scale, often extending to 240® or more, nothing 
has been lost in clarity or case of reading. 

Whether the instruments chosen are round or square is a matter of 
individual preference but as the panels on which they are usually mounted 
are rectangular in shape, the square instrument tends to maintain the 
overall pattern. 

Whatever the type, an indicating instrument should have a clear, 
openly divided scale and not be crowded with division marks. The sede 
markings chosen should be such that the normal reading will be at a point 
beyond the middle and up to about three-quarters of the scale length. In 
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Fig. 1 6- 1 . — Examples of suppressed scale markings. 

some applications, scale suppression may be useful, one example being 
scales used for voltmeters where the only part of the scale of value is that 
near the system voltage to be indicated, and here the scales may be in the 
form shown in the two upper sketches in Fig. i6-i. Another example is 
that of an ammeter used on a motor circuit and here a suppressed overload 
scaling as shown in the lower sketch Fig. i6-i is useful, not only to indicate 
the starting current which, in an induction motor, may be about six or 
eight times the normal full-load current, but also to buffer the movement 
and pointer at the upper end of the scale. 

This book is, almost wholly, concerned with switchgear for use on a.c. 
systems but it will not be out of place to refer first to the moving-coil type 
of indicating instrument which is essentially d.c. There are a number of 
applications for this type on a.c. systems as for example in the d.c. exciter 
circuit of an a.c. generator. Some users prefer a moving-coil instrument 
on a.c. circuits because of its evenly divided scale over the full deflection 
and this is readily achieved by the inclusion (often within the instrument 
case) of a small rectifier. Typical examples of the moving-coil instrument 
arc shown in Fig. 16-2, the normal use being for ammeters and voltmeters. 
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Fig. 16-2.— Typical-movtng coil (left) and moving-coil rectifier (right) 
instruments (Nalder Bros. & Thompson Ltd.). 

The movement comprises a pivoted moving- coil working in the airgap 
of a uniform field produced by an internal cylindrical magnet. On d.c. 
circuits, ammeters are operated from shunts mounted in the primary 
circuit, the shunts having a 75 millivolt drop for full scale deflection, the 
instrument being calibrated with shunt leads having a resistance of 0*025 
ohms. Voltmeters can normally be direct-connected on systems up to 
500/650 volts depending on size of instrument but for higher voltages, 
externally mounted resistance boxes are employed. 

The instrument which is most regularly used on a.c. circuits is the 
moving-iron type for current or voltage indication. In this type the scale 
is not evenly divided, being slightly contracted at the lower and upper ends 



Fig. 16-3. — Typical movtng’-iron instruments showing ammeter overload 
scales (Nalder Bros, & Thompson Ltd.), 
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as seen in Fig. 16-3, the instrument operating on the well-known principle 
of repulsion between fixed and movable irons located in a magnetic field 
at the centre of a coil. Ammeters of this type can, within certain limits 
and up to 600 volts, be of the whole current (series connected) type but in 
some circumstances this has disadvantages (a) because heavy current 
primary conductors must be taken to the instrument and (b) because the 
fault current on a short-circuit occurring in the circuit containing the 
instrument must be carried by the coil, with great risk of damage or even 
destruction. The use of whole current ammeters therefore should be 
restricted to circuits where the possible fault current is not high. For these 
reasons, operation from the secondary of a current transformer is much 
preferred. Voltmeters may be direct-connected up to 300/650 volts depending 
on the size of the instrument or may be operated from the secondary of a 
voltage transformer, usually at no volts. It may be noted, in passing, that 
the moving-iron instrument can be used on d.c. but this is not common 
practice. 

For the indication of power in a circuit, the induction type instrument 
shown in Fig. 16-4 is generally chosen, the scale being marked in watts. 




INDUCTION WATTMETER 
LIPMAN TYPE 


Fig. 16-4. — Typical induction wattmeter and schematic diagram of the fixed 
and moving systems of a single phase single^element instrument (Nalder Bros* 

& Thompson Ltd.). 

kilowatts or megawatts according to requirements. As the illustration shows/ 
the scale markings are evenly divided over the whole scale and the latter 
extends over approximately a 300® angle. The movement consists of two 
parts — a fixed system embodying an external U-shaped electromagnet 
carr)dng a shunt (voltage) winding and an internal core of cruciform shai^, 
on one of the polar projections of which is mounted the series (current) coil, 
and a moving system consisting of a thin aluminium cylinder which is free 
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to rotate in the airgap between the poles of the e^^mal and internal electro- 
magnets. This cylinder is arched to a spindle supported in jewelled 
centres and carries the indicating pointer. 

To measure power, both current and voltage elements arc essential, the 
appropriate coils being either direct connected up to about 25 amperes and 
650 volts or operated from the secondaries of current and voltage trans- 
formers. The number of current and voltage elements employed in a 
particular instrument will depend on the nature of the system e.g. whether 
single phase, two phase, 3-phase 3 wire, or 3-phase 4 wire and whether 
for balanced or unbalanced load circuits. A series of connection diagrams 
given in Appendix C, will indicate these various applications. 

It is of interest to note that the induction wattmeter movement suitably 
modified can be employed in an instrument to measure the wattless or idle 
component of the current and this instrument is then described as a 
‘‘reactive volt-ampere meter". If the voltage of a system is maintained 
constant, the instrument can be calibrated to read the idle component of 
the current in amperes and is then described as an "idle current ammeter". 

The once popular "vibrating reed" or resonance type of frequency meter 
has now been completely superseded by the deflectional type shown in 
Fig. 16-5, in which the pointer moves over a very open scale to indicate 



Fig. 16-5. — Typical deflectional type frequency meters (Nalder Bros, & 

Thompson Ltd.), 

the instantaneous value of frequency of an a.c. system. This meter operates 
on the basis of a ratio meter in which the moving system comprises two 
coils connected respectively in two parallel circuits, one comprising a 
non-inductive resistance and the other circuit tuned to resonance at the 
higher value of the required frequency range. 

Power factor meters, as implied by the name, are designed to show the 
power factor or angle of lag or lead between current and voltage. A knowledge 
of the system power factor is of importance both to power station engineers 
and to commercial and industrial users, the latter being particularly 
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interested in the light of power factor clauses which appear in tariff agree- 
ments, and to the now considerable application of power factor correction 
capacitors to achieve a power factor which avoids any penalising charge. 

The instruments shown in Fig. i6-6 are of the Lipman moving-iron 
type operating on what is described as the ''component field" theory. 



Fig. i6-6. — Typical power factor meters {Nalder Bros. & Thompson Ltd.), 

In this there is a fixed system comprising a set of field coils and a set of 
magnetising coils, the former energised by the current from the line, either 
directly or from current transformer secondaries and the magnetising coils 
energised from the pressure (voltage) circuit either directly or from the 
secondary of a voltage transformer. The moving system consists of a number 
of thin iron plates of special shape attached to a spindle which carries the 
pointer. This rotor system when magnetised, rotates to take up a position 
related to the power factor of the system to which it is connected, the pointer 
showing whether the current is leading or lagging relative to the voltage. 
If the pointer takes up a position in the upper half of the scale it indicates 
forward power, e.g. generators to line, and if in the lower half, reverse 
power, i.e. lines to load. 

As in the case of wattmeters, the number of current and voltage elements 
will depend on the nature of the system to which an instrument is to be 
connected, i.e. single, two or three phase, three or four wire, balanced or 
unbalanced loading and here again a series of diagrams are given in 
Appendix C to cover the various conditions. 

INSTRUMENT TRANSFORMERS* 

In order to distinguish a difference, current and voltage transformers 
as used for the operation of any of the indicating instruments noted earlier 
or for integrating meters of any kind, will be called "instrument transformers" 
to avoid confusion with such transformers used for protective systems for 

* During the life of this edition of the}. & P. Switchgear Book, revisions to B.S. 8i and B.S. 
2046 are anticipated, probably combining current transformers in one new specification and 
voltage transformers in another. Such new standards, if and when issued, should be regarded as 
superseding the data herein. 
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which very different requirements are necessary; In an instrument current 
transformer we are concerned mainly with its accuracy (ratio and phase 
angle errors) between the limits of lo per cent and 120 per cent of rated 
current, whereas in protective current transformers we are much more 
concerned as to their behaviour when carrying fault currents often in the 
tens of thousands of amperes. This latter consideration and some of the 
special requirements of voltage transformers associated with protective 
gear have been dealt with in Chapter XV. 

It has been noted earlier that when the current and/or voltage is low, 
instruments may be direct-connected without the intervention of current 
or voltage transformers. On the other hand circumstances may require 
these to be used regardless of the system voltage or the low current rating. 
On high-voltage switchgear transformers will always be employed, those 
for current having secondaries giving 5 or i amperes (in some exceptional 
cases 0’5 amperes) and those for voltage giving no volts at the secondary 
terminals. 

CURRENT TRANSFORMERS 

It has been noted that a design consideration is that ratio and phase 
angle errors must be within certain limits from 10 per cent to 120 per cent 
of rated current and these limits are given in Table 16 : i. 

TABLE 16 : I 

LIMITS OF ERROR AT RATED BURDEN AND FREQUENCY AT UNITY P.F. 


(see clause i7~b.s. 81 : 1936) 


Class 

AM 

BM 

CM 

B 

B 

C 

D 

From 120% to 20% of rated current 








Ratio error, % (+ or *~) 

I 

I 

I 

0*5 

I 

I 

5 

Phase error, mins (+ or —) 

30 

35 

90 

35 

60 

120 


From 20% to 10% of rated current 





Ratio error, % (+ or ~) 

I 

1-5 

2 

I 

1*5 

2 

— 

Phase error, mins (+ or — ) 

30 

50 

120 

50 

90 

180 

— 

Variations in error — 

From 120% to 10% of rated current 




Ratio error, % 

0*5 

I 

1*5 

— 

— 

— 

— 

Phase error, mins 

'5 

25 

60 

— — 





The classes of current transformer in Table 16 : i are those noted in 
more detail in Table 16 : 2. 

TABLE 16 : 2 


Application 


Class 

Precision industrial metering . . 


AM 

Industrial metering, sub-standard grade to B.S. 37 . . 


BM 

Industrial metering, commercial grade to B.S. 37 


CM 

Sub-standard indicating wattmeters 


A 

First grade indicating and graphic wattmeters 


B 

First grade indicating and graphic ammeters 

For purposes where ratio is less important than in the above 

i.e. ammeters 

C 

where approx, values only are required. 

. . 

D 

» 


LL 
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How the errors with which we are concerned arise can best be considered 
by a study of the vector diagram for a current transformer, as shown in 
Fig. 16-7. 



SECONDARY CURRENT. 

Ec SECONDARY INDUCED EMF. 

Vs SECONDARY TERMINAL VOLTAGE. 

Ep PRIMARY INDUCED EMF. 

Ip. PRIMARY CURRENT. 

Kt Is’ REVERSED SECONDARY CURRENT TIMES 
TURNS RATIO, 
lo EXCITATION CURRENT. 

Im. magnetising component of lo 

REQUIRED TO PRODUCE FLUX. 

Iw. IN PHASE COMPONENT OF Iq 
SUPPLYING CORE LOSSES (EDDY 
CURRENT AND HYSTERESIS). 

0 MAIN CORE FLUX. 

8 PHASE ANGLE DUE TO SECONDARY 
WINDING. 

y PHASE ANGLE DUE TO BURDEN. 
^s=S+yTOTAL SECONDARY PHASE ANGLE, 
a LOSS ANGLE DUE TO CORE 
EXCITATION. 

p PHASE ANGLE BETWEEN PRIMARY 
AND REVERSED SECONDARY 
CURRENT. 


Fig. 16-7 . — Vector diagram for a purrent transformer (Not to scale), 
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When drawing the vector diagram for a current transformer it is u^ual 
to commence with the flux as reference vector since this is common to both 
primary and secondary windings. The induced e.m.f's Es and Ep lag 
behind the flux by 90° and can be drawn in, the magnitude of the vectors 
Es and Ep being proportional to the secondary and primary turns. 

The excitation current lo taken by the primary, is made up of two 
components Im and Iw. Im is the reactive magnetising component which 
produces the flux and Iw is the active component supplying the hysteresis 
and eddy current losses in the core; this is in phase with the primary 
induced e.m.f. — Ep. 

The secondary current Is lags behind the secondary induced e.m,f. by 
an angle ^s. ^s is made up of S the angle produced by the secondary winding 
resistance and reactance, and y the angle produced by the burden connected 
to the secondary winding. In practice for a bar primary current transformer 
the secondary winding reactance is usually negligible and S is zero. The 
secondary current is now transferred to the primary side by reversing Is' 
and multiplying by the turns ratio Kp. The resultant current flowing in 
the primary winding Ip is then the vector sum of Kt Is and lo. 

It should be noted that the flux and exciting current lo are determined 
by the secondary voltage required which is in turn determined by the 
burden connected to the secondary winding, or for a given burden by the 
cuffent flowing in the secondary and primary windings. Hence with a 
current transformer the flux density in the core is not constant but varies 
with the primary current, this being the basic difference between a current 
and voltage (or power) transformer where the voltage and flux density 
remains constant and the current varies with the load. 

There are two main errors introduced into a circuit by a current tranS' 
former. These are (a) the ratio error and (b) phase angle error. 

(a) The ratio error 

Since the primary current has to contribute to the magnetising and iron 
loss components, the ratio of primary to secondary current is not exactly 
equal to the turns ratio. The error introduced is known as the “ratio error" 
and is defined in B.S.81 : 1936 as: — 

T -- T 

Percentage ratio error = — ?.ioo 

Ip 

Where Kn=NominaI ratio i.e. 

Rated secondary current 

There are two other ratios which are of importance in a current trans- 
former, these are: — 

KT=Turns vz.^o = 

Primary turns 

Kc=Actual current ratio = .Actual priirary current 

Actual secondary current 

By studying the vector diagram it is possible to derive an expression 
for the ratio error in terms of other known components. 
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If the reversed secondary current vector OA is produced to a point 
OC where CD is a perpendicular dropped from the primary current vector 
OD, then since in practice the angle jS is small the length OC is very nearly 
equal to the length of OD, and all components can be resolved along the 
OC axis. 

Now actual ratio Kc==~ 

Is 

^ length OC 
Is 

_ OA+AB+BC 
Is 

KtIs^ + Im sin 0s + Iw cos 0s 

fs 

= Y.T I ^S + Iw cos 

Is 

but Im=Io cos a and Iw=Io sin a and if is very small then the expression 
can be reduced further: — 

Kc'~’Kt + ^^ cos a sin ^s-f Ip sin a cos 0s 
Is 

= Kt + ^ sin (^s + ol) 

Is 

If now is very small then: — 

Kc=Kt+?5-^ 

Is 

but lo sin a=Iw 

Kc=Kt + 1^. 

Is 

From this expression it can be seen that for a' small secondary phase 
angle the ratio error is mainly due to the iron loss component of the 
excitation current. 

Another point that emerges from the above expression is that since 
the actual current ratio is equal to the turns ratio plus Iw/Is then the 
magnitude of Iw/Is determines the amount of turns compensation necessary 
to reduce the errors to a minimum. 

(b) Phase angle 

The phase angle is also introduced by the fact that the primary current 
has to supply the components of the exciting current, and the reversed 
secondary current is not exactly in phase with the primary current. The 
angle between the two vectors is known as the phase difference of the C.T. 
This angle can easily be derived from again studying the vector diagram. 
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Now since jS is very small in practice tan ^ 


, Q _ Im cos fe— I w sin ffs 
KtIs + 1 m sin + Iw cos 

__ Im cos ^s““Iw sin 

KtIs + Io cos a sin ^s + Io sin a cos Os 

_ Im cos ^s"^Iw sin 
KtIs + Io sin (^s + a) 

In practice lo sin (^s + a) is very small compared with KtIs and can be 
neglected. 

. n I M cos Iw sin 

__ lo cos ds cos a — lo sin sin a 
KtIs 

= Iq cos (^s 4 -a ) 

KtIs 

If the secondary phase angle is very small 

o _ lo cos a 
^ KtIs 

• jg = 

’ ■ ^ KtIs 

From this expression it can be seen that if ds is small the phase angle is 
mainly due to the magnetising component of the exciting current. 

The phase angle is usually expressed in minutes. 

An improvement in the ratio and phase angle errors can be obtained 
by a combination of methods: — 

(a) By the use of high permeability and low loss magnetic material for 
the core, such as good grade silicon steel (e.g. Special Stalloy), or even 
nickel steel (e.g. Mumetal) where the increased cost of the latter is justified 
and provided the limitations of this material are borne in mind. 

(b) By reducing the length of the flux path in the core and increasing 
the area of the path, with all joints reduced to a minimum or avoided 
altogether. 

(c) By increasing the primary ampere turns, using a *Vound type'^ 
coil where the short-circuit current permits such a coil structure. 

(d) By reducing the internal secondary burden as far as possible, which 
includes its reactance as well as its resistance. Sometimes it may be necessary 
to use two secondary windings connected in parallel with each other. 

(e) By keeping the connected burden on the secondary as small as is 
possible. This may entail the reduction of the secondary current from 
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5 amperes to i ampere in cases where the connected burden is remote from 
the transformer. The use of one ampere secondaries is not, however, 
recommended in high ratios, because of the increased induced voltage 
upon open-circuit under load, which may destroy the interturn and interlayer 
insulation and may also prove dangerous to life. 

(/) By specifying the rated burden as near to the actual burden as is 
possible, because the correction of ratio error by turns compensation will 
be made for the rated burden and may not necessarily be so close for a lower 
burden. 

With regard to core material, it is often possible to supply a core com- 
posed partly of Stalloy and partly of Mumetal in order to give the required 
accuracy with an economical use of material. The Stalloy content will 
prevent excessive phase angle error at, say, 60-120 per cent of rated current, 
whilst the Mumetal content will ensure a reasonable phase angle error at 
20 per cent of rated current. Consequently, the desired accuracy will also 
be secured as cheaply and efficiently as possible and, also, the variation of 
error over the range will be under control. 

Table 16 : 3 gives some indication of what is possible when using 
composite circular cores of Stalloy and Mumetal with primaries of the bar 
type. The Stalloy would be in the form of ring stampings, insulated on one 



Fig. 16-8. — Ratio error and phase angle curves for bar primary current trans- 
former (600/5) compared with those for a transformer having a wound primary 
(50/5) both working at 600 ampere turns. 
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side; and the Mumetal in spirally wound rings of p’S inch. 0*015 inch strip, 
varnished and taped. The following table gives an indication of the per- 
formance of current transformers having different core materials. 


TABLE 16 : 3 

THE FOLLOWING TABLE GIVES AN INDICATION OF THE PERFORMANCE OF 
CURRENT TRANSFORMERS HAVING DIFFERENT CORE MATERIALS 


Bar 

primary 

amps 

Silicon iron 
core 

(100% Si Fe) 

Composite core 
of Si Fe 
+ Ni Fe (up to 
50% Ni Fe) 

Composite core 
of Si Fe 
+ Ni Fe (up to 
7 S% Ni Fe) 

Nickel iron 
core 

(100% Ni Fe) 

VA 

Class 

VA 

Class 

VA 

Class 



50 

— 

— 

{ 5 

§ ) 

2 

CM 

s 

CM 

100 

IS 

D 

S 

c 

s 

CMorB 

3 

BM 

150 

15 

D 

10 

c 

{1 

CM) 
B / 

5 

BM 

200 

15 

D 

IS 

CM 

IS 

B 

10 

BM 

300 

30 

D 

IS 

CM 

IS 

BM 

— 


400 

1 IS 

?} 

IS 

BM 

— 

— 

— 

— 

600 

1 20 

?} 

IS 

BM 

— 

— 

— 

— 

B 

{1 

B?,) 

20 

BM 

1 

. 

— 

— 

— 

— 


|30 

CM\ 
BM / 

15 

AM 

— 

— 

— 

— 

1 500 

ill 

BMl 

CM/ 

IS 

AM 

— 

— 

— 

— 


Note, — At xoo primary amps and below, i amp secondary windings are recommended. 
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Fig. 1 6-8, reproduced from test results, shows the ratio and phase angle 
errors of some wound and ring type (bar primary) current transformers, 
so that a comparison may be made. It will be seen how the errors correspond, 
with the same number of ampere turns in the primary, although the cores 
in the two types are built differently. The effect of increasing the burden 
is also seen. The usual range of accuracy is from 120 per cent down to 
10 per cent of rated current, although it is possible in certain cases to 
maintain acceptable accuracy for metering purposes, down to 4 per cent. 
The accuracies shown in the curves are for 15 VA Class *'CM'' and cores 
composed of cold reduced silicon iron are used throughout. By the addition 
of suitable amounts of a nickel steel alloy (known as Mumetal) accuracies 
of 15 VA Class “BM** and ‘‘AM** can be obtained. Although the range 
of test results is from 120 per cent to 10 per cent rated current, it should be 
noted that a continuous overload capacity of 20 per cent is not guaranteed 
owing to thermal limitations of the windings. 

Current transformers used for metering purposes need not maintain 
their accuracy beyond 120 per cent of normal current; in fact, it is an 
advantage if magnetic saturation sets in beyond this point because it limits 
the value of secondary current and, consequently, some protection is 
afforded to the connected instruments. 

In the design of any current transformer, consideration must be given 
to the heating that will occur in both the primary and secondary windings 
and in the core. Because current transformers are connected in series with 
the main circuit, they are subject to the heating effects of the normal current 
continuously carried, including any overloads, as well as those due to the 
high currents when short-circuits occur between phases or to earth. It is 
necessary, therefore, to use conductors for the primary winding which are 
of a large enough cross-section to pass these currents without excessive 
heating. 

The temperature rise in the primary winding when carrying short-circuit 
current is limited to 200°C. This rise in temperature will be related to the 
duration of the overcurrent — assuming that all the heat generated is used 
to raise the temperature of the copper — and hence, the permissible current 
densities in the copper of the prima^ winding will vary inversely with the 
square root of the time interval. This will be seen upon reference to Table 
16 : 4, where the current density for 0*5 secs, is 150 000 amperes per sq. in. 
and, for 3 seconds, is 61 000 amperes per sq. in. 


TABLE 16:4 

(based on table 10 B.s. 81 : 1936) 


Rated time 

Current density in 

in seconds 

amperes per sq. in. 

0*5 

150 000 

i-o 

106 000 

2-0 

75 000 

3*0 

61 000 
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Because no relief from the effects of short-circuit current is obtained 
until the circuit-breakers open, it is desirable to give a short time rating to 
current transformers that is eqtial to the time delay in the protective relays 
plus the inherent time of operation of the associated breakers. Whilst 
0*5 second is appropriate for the great majority of applications, where there 
are several oil circuit-breakers in series — ^with an 0*5 second operating time 
difference between them — a time delay of 3 seconds may be given to the 
breaker nearest the source of supply. Thus the thermal rating required may 
be greater than the usual 0*5 second, and an increase in the section of the 
primary copper would be necessary. 

This will mean that the space available for this winding will have to be 
increased or, if this is impossible, the number of turns will have to be 
reduced. In order to give a performance equivalent to that of the winding 
rated at 0*5 second where metering accuracy is concerned a material will 
have to be chosen for the core which has higher permeability and lower 
losses. 

The other important effect of the short-circuit current upon the current 
transformer is that of the dynamic forces which are set up between the 
primary and secondary windings, particularly if the transformers are of 
the '‘wound** type. These forces consist of a radial force, tending to burst 
the primary winding and to compress the secondary winding against the 
core, and an axial force of repulsion between the two windings; these forces, 
together, may destroy the coil structure. Unlike the thermal effects, the 
mechanical forces are independent of the time interval, but are proportional 
to the maximum or peak value of the current during the first major half 
cycle occurring after the incidence of the short-circuit, including any 
asymmetry that may be present. This peak value may reach 2*55 times the 
r.m.s. symmetrical value (see Chapter V). Although of a transient nature, 
the forces set up may be very destructive and must be allowed for in the 
design of the transformer; easement may be obtained in one of two ways — 
either the primary copper section must be increased or the primary ampere 
turns reduced and in any case, adequate bracing of the coils is essential. 

Note, however, that a reduction in the primary ampere turns requires 
another change, either in the core section or in the core material, in order 
to maintain the same performance. 

Because of problems such as those discussed, an overcurrent factor for 
a rated time is assigned by the manufacturer to a particular design. This 
overcurrent factor is the ratio of the rated short-time current to the rated 
primary current and thus, if a current transformer of ratio 50/5 amperes 
is required for use in an ii kV system where the fault level is 250 MV A, 
i.e. equivalent to 13 100 amperes r.m.s. symmetrical, then the overcurrent 
factor required is — 

lli2?=262 

SO 

Whether such a current transformer is economically possible will depend 
on the required class of accuracy (in the case of protective current trans- 
formers on the rated saturation factor), the rated output necessary and the 
length of time the fault current has to be carried. Overcurrent factors for 
wound primary current transformers can vary between 250 and i 000 for a 
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time duration of 0*5 second and 100 and 400 if the time is extended to 
3 seconds. It may be noted that the higher the rated output, accuracy and 
time, the more difficult and costly becomes the transformer. 

B.S. 81 recommends that if an overcurrent factor exceeding 400 for 
0-5 second is required, then a bar prima^ transformer should be used if at 
all possible. In this type the primary is a single straight conductor and 
therefore constitutes a single turn so that the primary ampere-turns are 
always equal to the primary current. 

Some typical examples of both wound and bar primary types, including 
the ring type in which the user provides his own primary conductor, or 
which can be slipped over busbars or conductors, are shown in Figs. 16-9 
to 16-13. 



Fig. 16-9. — Wound primary type of air-cooled current transformer for 3-3 kV 
service voltage (Johnson & Phillips Ltd,). 


If the secondary winding of a current transformer is open-circuited 
while normal current is flowing in the primary, a very high and dangerous 
voltage may be induced in the secondary and the core may overheat. In 
addition, the magnetic characteristics of the core can be changed such as 
to affect the accuracy of the transformer. 
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Fig.[i6-ii. — Ring type current transformer for volte ^es up to 660 volts without 
primary or primary insulation (Johnson ^ * Phillips Ltd,), 
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Fig 1 6“ 1 2 — Bar primary type current transformer with bushing for insulator 
(plain or condenser), service voltage up to 33 kV (Johnson & Phillips Ltd ) 



Fig. 16-13. — Ring type current transformer fitted with clamps and synthetic 
resin-bonded paper tube (Johnson & Phillips Ltd ) 
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Voltage transformers ' , 

The use of voltage transfprmers on high-voltage systems for indication 
and metering is an obvious and necessary corollary to the use of current 
transformers, and the same basic considerations apply. The transformation 
must be effected with minimum loss of ratio and divergence in phase angle, 
(see Table 16 : 5) whilst attaining a high level of insulation between the 
windings. The design must be as compact as possible to economise in space 


TABLE 16 : 5 
LIMITS OF ERROR 

(see clause 24-B.s. 81 : 1936) 



Unity P.F. burden 

0-2 P.F. burden 


At 90-100% of rated voltage 

At 90-106% of rated voltage 

Qass 

and 25-100% 

Df rated burden 

and 10-50% 0 

f rated burden 


Ratio error 

Phase error 

Ratio error 

Phase error 


+ or - % 

+ or — mins. 

+ or - % 

■f or — mins. 

A 

0-5 

20 

0-5 

40 

B 

i-o 

30 

1*0 

70 

C 

2*0 

60 

— 

— 

D 

5-0 


1 

— 


and material, and it must be adapted to the particular needs of the switchgear. 
If required for certain types of gear, the voltage transformer will be usually 
of the upright and stationary pattern whereas for other types the drawout 
pattern with interlocks may be required; examples of the two types are 
shown in Figs. 16-14, 16-15 and 16-16. Outdoor and high-voltage gear will 
also need special consideration, and some restriction may be placed on the 
volume of oil used in order to minimise the fire hazard involved. 

Oil immersion of the windings is usual for voltages of 6*6 kV and upwards 
and may even be employed for voltages as low as 2 *2 kV in cases where the 
output exceeds 50 VA per phase and three phase transformation is required 
Single phase units are often employed for voltages up to 2*2 or 3-3 kV and 
above 22 or 33 kV and, in the case of very high voltages, they may be of 
the dry type, using the cascade or capacitor principle of voltage measurement. 
For voltages up to 660 volts an air-insulated transformer can be used and 
for 3 300 volt service, a compound-filled design is ideal. These two types 
are shown in Figs. 16-17 and 16-18. 

The performance of voltage transformers is considered more closely 
today because of the improved accuracy that it is possible to obtain from 
current transformers; it is the combined accuracy that decides the overall 
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efficiency of the metering. High accuracy is more easily obtained with the 
use of core plates of silicon iron than is the case with current transformers, 
and the restrictions of space are not so severe. Also, an output of loo or 
200 VA per phase at Class ‘*A** or accuracy for voltages up to ii kV 
is quite a common performance. The usual connection of the windings is 
star/star, with the low-voltage neutral point brought out to a separately 
insulated terminal for earthing if required. 

Owing to the hi gh impedance of the windings, it is possible to short- 
circuit the secondary winding and yet not demand sufficient current from 
the source of supply on the high-voltage side to melt or ‘'blow'* the primary 
fuses; although it is possible to use very fine wires for these fuse elements, 
trouble would arise due to the fragile nature of the wires employed, possibly 
leading to rupture upon shock or mechanical vibration. 

It is usual, therefore, to use larger wires which will not deteriorate in 
service, and to incorporate small low-resistance fuses on the secondary 
side to deal with overloads or short-circuits. It will of course, be realised 
that without some protection of this kind, the windings could pass sufficient 
current to burn themselves out on the high-voltage side, if not on the low- 
voltage side. 

The primary fuses must be regarded, therefore, as only affording 
protection to the system, that is, for short-circuits or earth-faults in the 
high-voltage winding. They are usually of the special high rupturing 
capacity t5^e, the low ohmic resistance of which does not affect the ratio 
and phase angle errors unduly. 



Fio. 16-14 . — Single phase stationary type oil-immersed voltage transformer 
(Johnson & Phillips Ltd,). 
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Fig. 16-15. — Three phase stationary type oil-immersed voltage transformer 
(Johnson & Phillips Ltd.). 



Fig. 16-16. — Three phase draw-out type oil-immersed voltage transformer 
(Johnson & Phillips Ltd.). 
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Fig. 16-17. — Air-insulated voltage transformer for use up to 660 volts 
(Johnson & Phillips Ltd,), 



Fig. 16-18. — Compound-filled voltage transformer up to 3300/4400 volts 
(Johnson & Phillips Ltd.), 
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SECONDARY INDUCED EMF. 
SECONDARY TERMINAL VOLTAGE. 
SECONDARY WINDING RESISTANCE. 
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PRIMARY CURRENT. 

PRIMARY INDUCED EMF. 

PRIMARY TERMINAL VOLTAGE. 

PRIMARY WINDING RESISTANCE. 
PRIMARY WINDING REACTANCE. 
No-LOAD CURRENT. 

MAGNETISING CURRENT. 
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MAIN CORE FLUX, 

PHASE ANGLE OF BURDEN. 

PHASE ANGLE ERROR. 
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Kt. 


PRIMARY TURNS. 
SECONDARY TURNS. 


Fig. 16-19 . — Vector diagram for a voltage transformer (not to scale). 
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The general principles of power transformer design also apply to the 
voltage transformer, but there are certain considerations of performance 
which are of particular importance. To comply with the requirements of 
B.S. 8i, the ratio and phase angle errors at unity and o-2 power factors 
of the connected burdens (on secondary side) are limited according to the 
grade of accuracy specified (see Table i6 : 5) and these limitations will 
largely determine the permissible watt-loss and magnetising currents. The 
general effect of these requirements is that the normal flux density permissible 
in the core is lower than the value generally used in power transformers. 
This leads to an increase in the dimensions of the core and windings. The 
turns ratio and voltage drop due to the resistance and reactance of these 
windings must be carefully determined, in order that the permissible errors 
will not be exceeded. 

It will be of interest to consider the vector diagram of a voltage trans- 
former operating upon a secondary burden with a lagging power factor. 

Referring to Fig. 16-19, the secondary terminal voltage Vs is produced 
from the induced secondary e.m.f. Es after subtracting, vectorially, the 
resistive and reactive drops (Isrs and Isxs) occurring in the secondary 
winding. Is lagging Vs by the phase angle of the burden 

The primary induced e.m.f. Ep, which is in opposition to the secondary 
induced e.m.f. Es is derived from the applied voltage Vp after supplying 
resistive and reactive drops caused by both load and excitation currents. 
The phase angle of the transformer is the angle p between the reversed 
secondary voltage Kt Vs' and the primary voltage Vp and is regarded as 
having a positive sign when the reversed secondary voltage vector is in 
advance of the primary voltage vector (anti- clockwise rotation of vectors). 

In order to derive equations for the errors of the voltage transformer, 
it is necessary to refer all the quantities to one side, usually the primary. 
The secondary drops can be transferred to the primary by multiplying by 
the turns ratio (Kt) and adding vectorially to the reversed secondary 
voltage and an expression for the errors can be derived by resolving all 
quantities along the Kt Vs axis. 

(a) The ratio error 

The ratio error is defined in B.S. 8i : 1936 as: — 

KnVs-Vp 

Percentage ratio error = .100 

Vp 

where Kn=Nominal ratio=gg^ PB^ary vp^e 

Rated secondary voltage 

Resolving along the KtVs axis gives: — 

Vp cos P — KtVs 4- KTlsrs cos ^ + KtIsxs sin ^ + Iprp cos S + Ipxp sin ^ (A) 

Now, in practice P is very small and cos ~ i. 

Hence KtVs is very nearly in phase with Ep 

Ip cos ^ Iw + ^ cos 
Kt 

and Ip sin ^ isi Im 4- ^ sin <f>. 

Kt 
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Substituting in expression (A) above — 

Vp ssiKiVs + KTlsrs cos ^ + KtIsxs sin ^4- J?- rpcos ^ + J?- xp sin ^ 

Kt Kt 

“flwrp+lMXp 

== KtVs + J?- cos <l> (rp 4* K^rrs) 4- ^sin (xp 4- K^xs) 4- Iwrp 4- Imxp. 

Kt Kt 

But (rp 4jEC^Trs) is equal to the total resistance referred to the primary 
winding i.e. rp and (xp 4 -JC^xs) is equal to the total reactance referred to 
the primary winding i.e. xp 

Vp=KTVs4-^frp cos ^ + xp sin 4- Iwrp 4- Imxp. 


.*. the actual ratio is 


^ ^rp cos 4- xp sin 4- Iwrp + Imxp 


vp^^_.KTr - 7 ■ 

% 

(b) Phase angle error 

An expression giving phase angle error of the voltage transformer can 
also be derived quite readily by studying the vector diagram. 

p _ Horizontal components of voltages 
Vertical components of voltages 
— KtIsxs cos <^~KTlsrs sin 04“Ipxp cos tf — Iprp sin 6 
”” RTVs+KpIsrs cos KtIsxs sin <^4-Iprp cos 04-Ipxp sin 0 

KtIsxs cos <l> — KTlsrs sin ^ + Ipxp cos 9 — Iprp sin 0 
KtVs 

All other terms in the denominator are small compared with RTVs^and 
can be neglected. 

Also since j 8 is small tan 

Substituting for Ip cos 0 and Ip sin 0, as before, gives — 

KtIsxs cos <f> — KtIsxs sin (/> 4- Iwxp 4- cos <l> — iMrp sin ^ 
o __ Kt Kt 

^ ~ KtVs 

^ cos (j) (xp 4* K\xs) — J?- sin ^ (rp + K%s) + Iwxp — iMrp 
Kt Kt 

= KtVs 

(xp cos ^—rp sin ^)4-Iwxp— iMrp 
— j 8 ==— 5 radians 
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By definition, P as calculated here will be negative since, in the vector 
diagram, KtVs is drawn lagging Vp. For jS to be positive — 

(rp sin xp cos </>) - Iwxp + Iivirp 

n _ 

^ “ KtVs 

By careful design of the windings, the internal resistance and reactance 
can be kept to an appropriate magnitude, and the magnetising and loss 
components of the exciting current required by the core itself may be 
reduced, so that the overall ratio and phase angle errors are within the 
specified limits of accuracy. 

The ratio and phase angle errors of a voltage transformer may readily 
be determined with fair accuracy from a circle diagram, such as that shown 
in Fig. 16-20. 





Fig. 16-20 . — Locus diagram for a voltage transformer ^ showing the effect of 
burden and power factor on ratio and phase angle error. 
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If the load is maintained constant and only the power factor of the 
burden is varied between zero and unity, the locus of the resultant voltage 
will be a circle. The impedance drop remains constant in magnitude but 
alters in position according to the angle of lag of the current. Thus, in the 
diagram, the points OA, OAi, OA2, etc. lie on the circumference of a 
circle whose centre is at O and whose radius is equal (in scale) to the 
impedance drop of the transformer. 

To construct the diagram, it is sufficient to calculate and plot the values 
of ratio error and phase angle error at no load and at 100 per cent load at 
unity power factor. These give points, O and A, on the graph, the horizontal 
axis representing the percentage ratio error and the vertical axis representing 
the phase angle error, expressed either as a percentage or in centiradians 
to scale. 

The line, OAg, may be drawn at right angles to OA to represent the 
position of the voltage drop at zero power factor. The locus is now drawn 
between OA and OAg and the errors at any other power factor may then be 
ascertained directly from the graph by choosing a point on the circle 
representing the power factor required. The errors for intermediate 
burdens may also be read from the graph by choosing a radius corresponding, 
in the scale used, to the magnitude of the burden; e.g., OD represents 
25 per cent burden, as it is drawn at 0*25 of full radius, OA. 
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CHAPTER XVII 

CONTROL BOARDS 

The remote control of power switchgear requires the provision of suitable 
control panels located at a point removed from the immediate vicinity of the 
circuit-breakers and other apparatus. Preferably, the location should be a 
room set apart for the purpose and in a place of relative seclusion away 
from noise and other causes of distraction, freedom from the latter being 
particularly important at times of emergency. 

Not only will the remote control board carry the appropriate means 
whereby the circuit-breakers may be opened or closed but also any necessary 
indicating, integrating or recording instruments, indicating lamps or 
semaphores to denote the open or closed state of circuit-breakers and isolating 
switches, protective relays, control circuit and other secondary fuses and, in 
some instances, voltage regulating equipment. 

In this chapter we shall be concerned only with remote control where 
the distance between the control board and the switchgear and other electrical 
apparatus is such as to permit direct wiring between the various items. 
Such conditions normally exist in power stations, most indoor and some 
outdoor substations, and in large industrial undertakings. When remote 
control is required for an extensive distribution or transmission system 
where long distances are involved between the control point and the 
controlled switchgear, the centralised control equipment will be of a very 
different type in order to avoid the prohibitive cost of heavy control cables 
of long length. In these circumstances, telecommunication engineering is 
called upon to provide remote control which employs supervisory equipment 
of the automatic telephone type. In this respect, a large power network 
may be compared with a telephone communication system in that in the 
latter a coded signal initiated by a caller selects the remote subscriber to 
whom he wishes to speak, while in a power network the control engineer 
sends out a coded signal to select and operate a chosen circuit-breaker. 
There is, however, an important difference, namely that whereas wrong 
coding or numbers when telephoning are simply inconvenient, any in- 
accuracy when controlling switching operations could have disastrous 
results and, therefore, elaborate check-back precautions are necessary. How 
these are achieved and how many other problems associated with remote 
supervisory control are solved, are, however, beyond the scope of this 
chapter. 

The layout of any particular control board and/or relay board will depend 
to a large extent on the size of the system to be controlled, on operational 
requirements and on the users' preferences. 

When a large number of circuits are to be controlled, as for example in 
a major power station, it is important that the indicating apparatus should 
be clearly visible from a control position and that the controls be arranged 
for easy operation. It may be necessa^ to incorporate in the control board 
a mimic diagram representing the main circuit connections with automatic 
semaphore indicators to denote the state of the system. It may be advan- 
tageous to provide alarm indication equipment which will give both audible 
and visual indication to the control engineer of any change, e.g. the operation 
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of protective devices, where the fault hes and what tripping of circuit- 
breakers has occurred 

If the system is such as to require a large number of protective relays, 
metering equipment and other apparatus not under constant watch, then 
it IS preferable that all such apparatus be removed from the mam control 
board and be placed on a separate relay and metering board In many 
cases, the mam control board and the relay board can be arranged back-to 
back to give a corridor formation In power stations, it is often convenient, 
for ease of operation, to include the control equipment for the generators 
(and perhaps, mam transformers) on a separate control desk located in front 
of the mam control board 



Fig 17-1 — Illustrating the construction of a corridor type control and relay 
board (A Reyrolle & Co Ltd ) 
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For medium sized installations, where the niimber of controlled circuits 
is small and there are no elaborlate forms of protective gear, a much simpler 
control board will meet the requirements, any relays or metering equipment 
being combined on the one board along with the control switches. 

In general, control or relay boards will be built up by using the requisite 
number of self-contained sheet-steel cubicles comprising a fixed front panel 
to carry the control apparatus and a hinged or removable back cover to give 
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access to the interior wiring, cable terminations, etc. Each cubicle will be 
fitted with a lamp which will automatically be switched on when the rear 
door is opened. When control panels and relay panels are arranged back- 
to-back in corridor formation, the rear access door may be replaced by 
wire mesh screens, and a door will then be fitted at each end of the corridor. 
The latter will be illuminated automatically when either corridor door is 
opened. An example of a typical arrangement of this kind is shown in 
Fig. 1 7- 1, the illustration showing the rear view. It also shows how a wiring 
trough between the control and relay boards is used to carry the inter- 
connecting wiring and to roof in the corridor. 

In the majority of designs, the appearance of the main control 
board is enhanced by maintaining a flush, or nearly flush, front, and to this 
end any indicating instruments should be of the flush mounting type. 
Where relays are not mounted on a separate board, these too should be 
of the flush type. 

There are many possible variations for the accommodation of syn- 
chronising instruments as required for generating stations. These include 
hinged panels mounted in the run of the control board, hinged box panels 
at the end of the board, floor mounted pedestals, or a portable trolley with 
a flexible lead for plugging into a socket on the panel controlhng the circuit 
to be synchronised. Examples of such arrangements are noted in Figs. 
17-2 to 17-6. 



Fig. 17-3. — Hinged synchronising panel at end of control board 
(Johnson & Phillips Ltd.), 
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Fig 17-4 —Hinged synchronising panel surmounting a control desk 
(Johnson & Phillips Ltd ) 
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Fig 



17-6 — Portable synchronising trolley for plugging in to circuit being 
synchronised (A Reyrolle Co Ltd ) 


When a mimic diagram is required, this may be incorporated on the 
front panels of the control board or may be displayed on separate auxiliary 
cubicles mounted above the mam board The automatic semaphore indicator 



Fig. 17-7. — Automatic semaphore indicator for use in mimic diagrams Cover 
removed ( The English Electric Co Ltd ) 
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used in many mimic diagrams is illustrated in Fig. 17-7, the flat disc lying 
inscribed with a coloured stripe on a white background to form part oiAc 
diagram as shown in the typical circuit, Fig. 17-8. 



Fig. 17-8. — An example of a mimic circuit diagram panel using automatic 
semaphore indicators (The English Electric Co, Ltd.). 

Note. — The references on this illustration have been added for information and 
do not appear on the control board itself. 

The operating impulse is derived from a separate source of supply, 
a.c., or d.c., via auxiliary contacts on the associated circuit-breaker or switch. 
Indicators may be in various sizes, the normal having or 2 inch diameter 
discs. They can be of the latch-in type which will maintain the last indicated 
position when the supply fails, or a supply-failure type which will give an 
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indication of such failure, the disc moving to a 45° neutral position or single 
coil type in which the disc is spring-returned to its original position when 
the coil is de-energised. 

Alternatively, the handle of the control switch can take the form of a 
semaphore indicator, the control switch now being mounted in the run of 
the mimic diagram. In this case it will be clear that, being hand operated, 
the control switch semaphore may give a false indication should the circuit- 
breaker be ^'tripped open'' by the protective gear, the semaphore still 
indicating '‘closed". To overcome the danger inherent in such circum- 
stances, a discrepancy lamp is incorporated in the control switch assembly 
and this lights up automatically when any discrepancy occurs, either as 
described above or in the converse case when the semaphore on the control 
switch indicates that the circuit-breaker is open but in fact it has been 
closed by local control at the breaker. A typical combined control switch 
and semaphore indicator with discrepancy lamp is shown in Fig. 17-9. 



Fig. I7“9- — Combined control switch and semaphore indicator with discrepancy 
lamp (The General Electric Co. Ltd.). 

Circuit-breaker control switches are generally fitted with what is known 
as a pistol grip handle as shown in Fig. 17-10. 



Fig. 17-10. — Circuit-breaker control switch with pistol grip handle and key 
lock in neutral position (The General Electric Co. Ltd.). 
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They are normally of the spring return to neutral type, the handle being 
moved to the right or the left to initiate the “close'" or “trip" operations. 
A sequence interlock ensures that it is impossible to perform two closing 
operations successively. Switches may include additional contact assemblies 
over and above those required for circuit-breaker control and these may be 
used for a number of purposes, e.g, energising an alarm circuit in the event 
of a circuit-breaker tripping automatically under fault conditions. 

Indicating lamps may be used for a variety of purposes on control boards 
and these follow a standard colour code as below. 

Red — Circuit-breaker or switch closed 
Green — Circuit-breaker or switch open 
White — Trip supply healthy 

Amber — Alarm indication, e.g. circuit-breaker tripped on fault 

The source of supply for these lamps is usually that used for normal 
lighting purposes in the control room, i.e. 230/250 volts. As it is only 
necessary to give sufficient illumination to ensure a positive indication, the 
lamps are usually of the 15 watt pigmy type but even so the heat to be 
dissipated in a small and relatively enclosed fitting can sometimes be a 
problem. To overcome this and at the same time reduce the panel face 
dimensions, indicating lamps are available which have a small single phase 
step-down transformer built in to the assembly as shown in Fig. 17-11. 



Fig. 17-11. — Control board indicating lamp with built-in step-down transformer 
{Everett Edgeumbe & Co, Ltd.). 

In this design, the output voltage to the lamp is 12 volts and the lamp 
itself is a miniature bayonet socket type with a consumption of only 2 *2 watts, 
thus ensuring an extremely long life. 

Similarly, fuse and link assemblies in the control and other circuits 
should be coloured for identification, the accepted standard being black for 
5 ampere fuses, green for 15 ampere fuses, and white for links. 

An essential feature of all control and relay boards is an orderly assembly 
of small wiring. This is necessary to facilitate checking in the event of 
trouble and to further assist in this, all wiring should be numbered to 
correspond with a circuit diagram of connections. This is usually achieved 
by means of engraved ferrules fitted to the ends of the wires. The numbers 

MN 
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should be repeated on terminal studs so that if a wire is removed at any time, 
there can be no doubt as to its point of reconnection. 

Terminal boards are not always easy of access but they can be made so 
by mounting them at an angle of 45°. This is of importance when a number 
of terminal boards must be used and they are mounted one behind the other. 

Typical of an orderly scheme of wiring and terminal blocks is that 
shown in Fig. 17-12. 



Fig. 17-12. — Rear view of busbar protection relay panels showing small wiring 
and angled terminal blocks (Johnson & Phillips Ltd.), 
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We have noted earlier that in some circuipstances and particularly on 
large, interconnected networks, it is advantageous to provide at the c6ntrol 
point some form of alarm indication. This usually is an annunciator scheme 
using illuminated facias with engraved legends to indicate the position of, 
or type of fault on, remotely situated equipment. Such a scheme is of 
considerable assistance to control engineers in assessing quickly the extent 
of system disturbance and to minimise the delay in taking remedial action. 
Initiation of the alarm and visual indication is usually through contacts on 
the protective relays or on a moving member of the equipment under 
surveillance, causing the following sequence of events: — 

(1) An alarm bell rings and the appropriate facia alarm lamp flashes on 
and off to attract attention. 

(2) The control engineer ‘‘accepts** the signal by pressing a button, which 
silences the bell and causes the lamp to show a steady light. 

(3) After taking remedial action, and logging the cause, the control engineer 
“resets** the alarm circuit by pressing another button, the lamp being 
simultaneously extinguished. 

In the past, most annunication schemes have used telephone type 
relays having numerous contacts requiring periodical maintenance. In a 
recent development, however, transistors have replaced the relays and, 
being a static component, the need for maintenance has been eliminated. 

A scheme of this type is shown in Fig. 17-13, which is a typical block 
schematic diagram for a single alarm channel, the transistorised switching 
units being indicated A, B, C and D. 


SINGLE CHANNEL • COMMON EQUIPMENT 



(b) 


Fig. 17-13. — Transistor alarm annunciator scheme 
(A. Reyrolle & Co. Ltd.). 





588 


THE J. & P. SWITCHGEAR BOOK 


The transistors may be compared to the contacts on a relay, i.e., when 
the transistor is conducting (ON) it is equal to a pair of closed contacts 
and when not conducting (OFF) to a pair of open contacts. The transistor 
is basically a three terminal device (see diagram (a), Fig. 17-13) and is 
switched on or off by the polarity appearing at the base relative to that at 
the emitter. In the arrangement shown, a negative potential applied to the 
base relative to the emitter will switch the transistor on, i.e., the collector- 
emitter path will have a low impedance. Conversely a positive potential 
applied to the base relative to the emitter, will switch the transistor off, 
i.e., the collector-emitter path will become one of very high impedance. 

In the diagram Fig. 17-13 (b) the A and B transistor units control the 
lamp, the C unit the alarm bell and the D unit the lamp flashing sequence. 
The input to the A and B units are the initiating contact, lamp test and 
reset. The output from A is used to control the output from B, which in 
turn controls the lamp. When the fault initiating contacts are closed, the 
A and B units are switched over, which allows the C unit to operate the 
audible alarm and the D unit to control the lamp flashing sequence. 

On pressing the “accept'* button (a), the B unit is switched back to its 
quiescent state thereby switching off the audible alarm via the C unit and 



Fig. 17-14. — Typical 1 2 - way alarm assembly 
(A. Reyrolle & Co, Ltd,), 




CONTROL BOARDS 



Fig. 17-15. — Typical control panel with alarm facias 
(A. Reyrolle & Co, Ltd,), 
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the flashing sequence via D, the lamp remaining on but now showing a 
steady light. Pressing the '*reset'' button (r) switches the A unit to its 
quiescent state, thereby extinguishing the lamp by switching off the output 
from the B unit. From the diagram it is seen that the C and D units and the 
push buttons are common to a number of channels and can cover up to 
twenty-four. Provision is made whereby the lamps can be tested at any time 
by pressing button (t). 

The alarm assembly comprises a flush mounting housing which carries 
the appropriate number of lens boxes. On each of the latter is engraved the 
required legend and each lens box is illuminated from behind by its own 
lamp, the legend being seen through a translucent glass panel. Behind each 
lamp housing are sockets which receive the printed- circuit transistor 
switching units A and B, while the common transistor units C and D are 
accommodated behind the three push buttons at the base of the assembly, 
all as shown in Fig. 17-14. 

Facias in this design are available to accommodate from 4 to 144 alarms 
and the equipment requires a 50 volt d.c. supply for operation. 

Fig. 17-15 shows a typical control panel on which are mounted two 
alarm units, one 18- way, the other 6- way. 

In order to illustrate what has been discussed throughout this chapter, 
the remaining pages will include a representative selection of photographs 
of completed control and relay boards. 



Fig. 17-16. — Remote control and relay board 
(Johnson & Phillips Ltd,), 
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Fig 17-17 — Separate relay board (Johnson & Philips Ltd ) 
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Fig. 17-18. — Control board with mimic diagram. Each control switch forms 
the semaphore for a circuit-breaker. National Coal Board, Seafield Colliery 

(Johnson & Phillips Ltd ) 
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Fig 17-19 — Separate mimic diagram panels for South-Eastern Gas Board 
Note that diagrams embrace 6*6 feV and 440 volt a c systems and 220 volt d c 

(Johnson Phillips Ltd ) 



Fig 17-20 — Generator control desk for State Electricity Commission of 
Western Australia (The English Electric Co Ltd ) 
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Fig. 17-22. — Control board and desk in power station. Mimic diagram below 
the indicating instruments (The English Electric Co. Ltd.). 
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Fig 17-23 — Corridor type control board with relay hoard at rear Generator 
control desk in front Mimic diagram above the indicating instruments 
(The English Electric Co Ltd) 



Fig. 17-24 — Control boards and desks, Keadby Generating Station C E G 

(A, Reyrolle & Co Ltd ) 
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Fig 17-26 — Part of the 275 feV/132 kV control board at Willington Power 
Station C E G B Note the portable synchronising equipment in use 
(The General Electric Co Ltd ) 
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Fig 17-27 -Control board with mtmic dic^ram below and illuminated fault- 
indicating units along the top of the board (The General Electric Co Ltd) 
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CHAPTER XVIII 
OUTDOOR SWITCHGEAR 

For the purpose of this chapter, outdoor switchgear falls broadly into two 
groups. The first group is that which covers the many types of gear available 
for the control of electricity supplies at locations relatively remote from the 
major network and more particularly for rural distribution. The second 
group is that which includes the larger substations essential in urban 
distribution and those major switching stations associated with inter- 
connected high-power networks, usually at 66 kV and above. 

In both groups, the major economy derives from the fact that the cost 
of buildings is eliminated. Space is an important factor and this has led in 
recent years to the use of what are popularly known as packaged substations. 
In rural distribution particularly, where some 8o per cent of outages are due 
to faults of a transient nature, there may be a lengthy loss of supply if an 
engineer has to be sent out to restore the service and therefore considerable 
thought has been devoted to the problem of automatic restoration. 

At the very high voltages, the space taken up is largely determined by 
the electrical clearances necessary and by the size of the circuit-breakers, 
which may be of the oil-break, air-blast or small-oil-volume types as 
described in earlier chapters. 

With this brief introduction, it will be convenient to consider the types 
of gear suitable for various kinds of installation and described under the 
following headings: — 

(a) The high-voltage fuse 

(b) Automatic reclosers for rural distribution 

(c) The pole-mounting circuit-breaker 

(d) Oil-switches 

(e) Metal-clad or metal-enclosed (packaged) switchgear 

(f) Major switching stations or substations 

THE HIGH-VOLTAGE FUSE 

B.S. 2692 recognises the existence of several designs of fuse for use on 
voltages higher than 660 volts, among them being the expulsion fuse, the 
powder-filled cartridge fuse, the liquid fuse and an oil-tank fuse. Of these 
we shall only be concerned with the first two, noting in passing that the 
powder-filled cartridge type is usually of the current-limiting type and must 
be oil-tight where it is required to be immersed in oil. 

An expulsion fuse comprises an open-ended tube, often of synthetic 
resin-bonded paper, in which the fuse element is contained and which is 
connected to suitable fittings at each end. The length of break in this type 
is increased by expulsion of part or all of the fuse-element and the process 
of arc quenching may be assisted by the movement of the vapour from the 
containing tube. This vapour may be generated wholly by the volatilization 
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Fig. 1 8- 1. — Expulsion type fuses clearing a three phase fault of 150 MV A at 
II feV during short-circuit tests. From a high-speed cine film at 3 000 frames 
per second (Johnson & Phillips Ltd.). 


of the fuse-element or partly by the effect of heat on a solid substance 
carried either by the fuse-link or by the inner wall of the tube. Gas expulsion 
from fuses of this type when clearing a fault of 150 MVA at ii kV, three 
phase, is noted in Fig. 18-1. Note that one fuse has been replaced by a 
solid link, thus, on a three phase test, ensuring that the recovery voltage 
across the fuses was not less than line to line voltage. 

The fuses seen in Fig. 18-1 are effectively fuse-switches as once the fuse 
element has melted, the tube is free to swing down to an isolated position 
thereby providing an unmistakable indication that a fuse has operated. The 
location of the interruption can therefore be easily detected by a linesman. 
This feature will be clear from Figs. 18-2 and 18-3 which show the fuse- 
switch in the closed and open positions respectively. 
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Fig. 18-2. — II kV Type 'D' expulsion fuse-switch in closed position 
(Johnson & Phillips Ltd.). 



Fig. 18-3. — II feV Type ‘D’ expulsion fuse-switch in isolated position 
(Johnson & Phillips Ltd.). 
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The element in this design is connected at each end of the tube to suitable 
fittings by clamp plates and thumb screws and when intact, the element 
holds the switch in the latched closed position. Melting of the element 
releases the latch-in trigger and the tube swings down, the pressure exerted 
by the multi-line brush type contacts initiating and assisting this movement. 
These contacts are fitted at both ends of the fuse tube, those at the hinge 
ensuring that current carrying is independent of the hinge components. 

Having located the fuse which has operated, the linesman lifts the 
complete tube clear of its hinge by means of an insulated operating pole and 
lowers it to ground level for element replacement, following which the tube 



Fig. 18-4. — Showing at left, the operating pole in use to remove or replace 
a fuse-switch tube from its hinges. Note the torch for night use — the complete 
pole assembled for carrying is on the right (Johnson & Phillips Ltd,), 
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is replaced in its hinge trunnions and reclosed after the manner of an isolating 
switch. These operations are illustrated in Figs. 18-4 and 18-5, and it may 
be noted that in circumstances where a fuse has not operated but it is 
required to isolate a circuit, the same operating pole can used to release 
the trigger latch to permit the tube to swing down. 

The illustrations Figs. 18-6 and 18-7 show examples of the use of 
expulsion type fuse-switches. 



Fig. 18-7. — Expulsion type fuses at junction of overhead line and cable feeder 

(Johnson & Phillips Ltd,), 


The fuse elements used in this design are made for fast or slow operating 
times, typical differences being shown in Fig. 18-8 where the pre-ardng 
(melting) times are plotted against current for a 10 ampere element. 
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In Chapter XII we have noted some of the problems associated with 
discrimination between medium voltage fuses in series. Similar problems 
arise at higher voltages and concern the condition where fuses have to 
discriminate with other fuses in series and also where fuses must discriminate 
with other apparatus fitted with overcurrent devices, e.g. a circuit-breaker. 
In the first case, the problem has two aspects (a) where the fuses in series 
are all of a like type and make and (b) where they may be of different types, 
e.g. cartridge and expulsion, which exhibit entirely different time/current 
characteristics. In this latter case, and in that where fuses are required to 
discriminate with a circuit-breaker, a knowledge of the time/current 
characteristics is an essential requirement for predicting the possibilities 
of discrimination. 

Where fuses of a like typ^ are used, it is possible to determine with 
reasonable accuracy the range of discrimination as between the various 
normal current ratings and it is of interest to note that, based on a series 
of power tests on Johnson & Phillips Type “D** fuses (Fig. 18-2), dis- 
crimination will occur between fuse and fuse provided they bear a ratio of 
0*75 or less to each other. Thus if in Fig. 18-9, fuse A is rated 75 amperes, 
then to ensure discrimination, fuse B must have a standard normal current 
rating nearest below the value 75.0*75, i.e. 56*25 amperes, showing that a 
50 ampere fuse will discriminate with a 75 ampere fuse but that one of 
60 ampere rating will not. 



Fig. 18-9. — Illustrating fuses in series. 


This may be illustrated in another way as shown in Fig. 18-10. In this 
the characteristic time/current curves for three ratings of expulsion fuse 
are shown by the lines A- A. The lines B-B have then been drawn to repre- 
sent 75 per cent of the values given by A- A, and it is now possible to state 
that the time/current curve for any other fuse rating, intermediate to those 
shown, must not fall in the shaded area of the nearest higher fuse rating. 
For example. Fig. 18-11 shows how the time/current curve for a 50 ampere 
fuse lies within the shaded area for a 60 ampere fuse and thus there will 
be no discrimination. Similarly, if the curves for 30 ampere and 40 ampere 
fuses are plotted, it would be found that the 30 ampere curve would be 
clear of the shaded area associated with a 50 ampere fuse and would therefore 
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Fig. iS-io. — Timejcurrent characteristics for expulsion fuses and circuit- 
breaker with instantaneous trips to demonstrate discrimination 
(Johnson & Phillips Ltd.), 
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Fig. 1 8-1 1 . — Timel current curves for 50 and 60 ampere elements showing 
inability to discriminate (Johnson & Phillips Ltd,). 
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SYMMETRICAL CURRENT (AMPS) 


Fig. 1 8- 1 2 . — Discrimination between a circuit-breaker and 25 ampere fuse 
{Johnson & Phillips Ltd,). 
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Fig. 18-13. — Discrimination between a circuit-breaker and 50 ampere fuse 
(Johnson & Phillips Ltd.). 
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Fig. 18 - 14 . — Discrimination between a circuit-breaker and 75 ampere fuse 
(Johnson & Phillips Ltd.). 




Fig. 18 - 15 . — Oscillographic record of test to satisfy curves of Fig, 18-13 

(Johnson & Phillips Ltd,). 
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discriminate but the curve for a 40 ampere fuse would encroach on this 
shaded area and would not therefore discriminate. Fig. 18-10 has been 
extended to show the total break time of a circuit-breaker with instantaneous 
trips over the range of currents applicable to the fuses, and represented by 
curve C-C. Where this curve crosses the lines B-B is the ‘'take-over'" point 
for each size of fuse and from these points, vertical lines D-D have been 
projected to the current scale. Thus for any fault current less than that 
represented by a line D-D the fuse will not operate, the circuit- breaker 
clearing the fault. Any current in excess of the values represented by D-D 
will cause operation of both breaker and fuse, assuming in both cases that 
the protective devices on the circuit-breaker are set for instantaneous trip. 
Thus, with transient faults of low magnitude, the circuit-breaker will clear 
without any fuse operating and to provide for rapid restoration of supply, 
the circuit-breaker will be provided with means to automatically reclose 
it within say 20/25 cycles. To enable this to be achieved, rapid resetting 
of the closing mechanism is essential and in the design under discussion 
(Johnson & Phillips Ltd.), resetting is obtained before the moving contacts 
have settled in the buffer dashpots at the end of the stroke. If, on reclosure, 
the fault has not cleared, then the circuit-breaker will reopen and lock-out. 

It is of interest here to note briefly some details of tests made to deter- 
mine the relation between a circuit-breaker and fuses, the former being a 
3-pole unit of the type shown in Chapter VI, Fig. 6-2, arranged for high- 
speed auto- reclosure, the fuses being of the type shown in Fig. 18-2. The 
test circuit was three phase but the fuses were fitted in two phases only 
with a solid link in the third. 

The tests were based on the condition that the circuit-breaker, having 
interrupted the fault, should reclose and, if the fault persisted, hold in until 
the fuse cleared the circuit. The high-speed open/close operation allowed 
for a dead time of approximately 25 cycles and an inverse definite minimum 



Fig. 18-16. — Repeater switch arrangement for automatic circuit restoration, 
using two expulsion type fuse-switches per phase. Shown in original state, both 
fuse-elements sound (Johnson & Phillips Ltd.). 
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time relay ensured that the breaker remained closed for a sufficient time to 
allow the fuses to operate and finally clear the circuit. 

Based on what has been noted in relation to Fig. 18-10, three sets of 
curves are produced in Figs. 18-12, 18-13 and 18-14, for 25, 50 and 75 
ampere fuses respectively. On each of these the characteristic curve 
representing one setting of an I.D.M.T. relay has been superimposed 
(curve D-D), and the tests undertaken had the purpose of proving that the 
operating times for both the circuit-breaker and the fuses, accorded with 
these curves, and showing that the conditions noted earlier would be fully 
satisfied. 

As the fuse rating was increased, so the fault current was raised, the 
latter values being 300, 700 and i 000 amperes respectively, as shown on 
the curves by the line F-F. 

Fig. 18-15 shows the oscillographic record of a test related to the curves 
in Fig. 18-13, the fuses being in phases R and Y with the solid link in phase B. 

In the preamble to this chapter, we noted the attention presently being 
given to automatic reclosure to restore the supply after disconnection due 



Fig. 18-17. — As Fig, 18-16 but one fuse-element melted and fuse-switch has 
swung down to isolated position to put second {R.H,) fuse in circuit 
{Johnson & Phillips Ltd.f 
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to a fault of a transient nature. Such an arrangement is made possible 
by using two or more expulsion fuse-switches of the type described per 
phase. In this arrangement, the service fuse operates and swings down to its 
isolated position and in so doing it automatically switches a second fuse into 
circuit so that if the original fault has disappeared, service to the consumer 
is restored at once, the outage time being of the order of 0*4 second. The 
arrangement is shown in Figs. 18-16 and 18-17. 

From Fig. 18-16 it will be seen that at the lower end of the left-hand 
fuse-switch, there is a contact bar carried on the end of an operating arm 
and held open against a compression spring by means of a catch. The left- 
hand fuse, in swinging down, strikes this catch, releasing the operating arm 
which moves to restore the circuit when it bridges the two fixed horn 
contacts between the fuses. The principle of the arrangement is shown 
diagrammatically in Fig. 18-18, the contacts shown open between the two 
fuses closing when the left-hand fuse operates. 


LINE 



Fig. 18-18. — Diagrammatic arrangement of repeater switch connections 
(Johnson & Phillips Ltd.). 


The arrangement as shown allows for one repeat only but two or even 
three can be covered by using three or four fuse-switches per phase with a 
repeater between each. Fuse element renewal is carried out in a manner 
similar to that described earlier and the rewired tube is closed to restore 
combination after opening the repeater switch. 

An oscillographic record of a short-circuit test on a repeater combination 
as described is shown in Fig. 18-19, the test in this case being single phase. 
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;c circuit at a prospective current of 7-9 feA equivalent to 150 MV A at 1 1 
(Johnsonl& Phillips Ltd.). 
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In this oscillogram, the first fuse is noted as clearing at followed 
by a time delay of approximately 0*4 seconds while the repeater switch 
operates to bring the second fuse into circuit and to clear the still existing 
short-circuit at 

For locations where the fault value can exceed 150 MVA and/or for 
higher voltages, the current- limiting cartridge fuse may be employed. The 
current-limiting (''cut-ofF') feature of h.r.c. fuses has already been noted in 
our discussion on those for medium voltage (Chapter XII) and similar 
valuable characteristics are obtained in those for use on higher voltages. 
Furthermore, a striker pin arrangement as previously discussed can be 
provided and where this is employed, it may be used to release a latching 
mechanism so that after operation of the fuse, the fuse-link swings down to 
an isolated position exactly as noted in Figs. 18-2 and 18-3 for expulsion 



Fig. 18-20. — High-voltage fuse- switch employing cartridge type fuse-link with 
striker-pin {EMP Electric Ltd.). 



Fig. 18-21. — Non-disconnecting type current-limiting cartridge fuse for 
horizontal mounting (EMP Electric Ltd.). 
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types. A fuse-switch incorporating a powder-filled cartridge fuse is shown 
in Fig. 18-20, the outer barrel being made of glass fibre to withstand rough 
handUng. 

Many outdoor applications arise where the swing down isolating feature 
is not essential and in such cases, a non-disconnecting type as shown in 
Fig. 18-21 can be employed and, if required, mounted horizontally instead 
of vertically as is essential in the isolating type. 

The * ‘cut-off'* characteristics of these cartridge- type fuses are shown in 
the curves. Fig. 18-22, it being noted that at the lower values of fault current 
the “cut-off" effect is based on a test circuit in which the maximum short- 
circuit could reach 50 kA r.m.s., thereby presupposing a lower rate of rise 
of fault current. 

In this current-limiting design, the voltage range is from 2-4 kV up to 
and including 132 kV with interrupting capacities (three phase) of 150 to 
I 500 MVA. Time/current characteristics may be of the fast or slow-acting 
type as may be required by the application. 

In considering the various types of high-voltage switchgear units available 
for indoor use (Chapter X) we noted the combination of fuses and load- 
breaking switches contained within a common housing. Such units are 
also available for outdoor use, one design being shown in Fig. 18-23. 



Fig. 18-23 . — Outdoor metal-enclosed fuse-switch unit up to 11 kV 
(A. Reyrolle & Co. Ltd.). 
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In this the fuse-links engage with fixed conftacts of the high-pressure 
butt type and have tripping devices such that when any one fuse-link 
operates, the latching-in mechanism is upset so that all three fuse-links 
move to the “Off*' position and the fuse-switch cannot be reclosed until a 
new fuse-link has been fitted. The constructional features of this unit are 
shown in Fig. 18-24 which shows the fuse-switch in the closed position. This 



A. ACCESS COVER FOR FUSE REPLACEMENT. 

B. EARTH SHIELD. 

C. INSULATING-BARRIER. 

D. FUSE-LINK. 

E. FUSE-SWITCH BUTT TYPE CONTACTS. 

F. BUSBAR CHAMBER 

G. OUTGOING CABLE BOX. 

Fig. 18-24. — Cross-section through fuse-switch unit with fuse-switch closed 
(A. Reyrolle & Co. Ltd.). 


illustration also shows how, for extensible units, busbars may be mounted 
at the rear of the unit, the bars being of copper rod embedded in cast resin 
insulation. 

Fuse replacement is made through the access cover, the raising of which 
moves the fuse-links from the **ofF" to an “isolated" position, i.e. they are 
now disconnected on both sides. In this isolated position the links are brought 
opposite the aperture, as shown in Fig. 18-25 ^nd at the same time, an 
earth shield, also seen, is automatically placed over the fixed (live) contacts 
on the incoming or busbar side. 
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A cable earthing switch and test plugs for cable testing can be provided 
on this unit, the latter being capable of insertion ooly after the cable has 
been earthed. Having inserted the plugs, the cable earth can be removed 
to permit the test on the cable to be carried out, but before the plugs can 
be removed, the cable earthing switch must again be closed. 

As with indoor types, the fuse-switch can be applied as a tee-off unit 
in conjunction with a ring main switch, the diagram for such arrangement 
being that shown in Fig. 18-26. 



Fig. 18-25. — Fuse-switch in '‘isolated** position with earth shield over fixed 
(live) contacts. Also shows cable test plugs inserted (A. Reyrolle & Co. Ltd.). 


Note that in this design of fuse-switch unit, the fuse-links are normally 
mmersed in oil and therefore must be oil-tight, but the oil plays no part 
in the process of arc extinction. The oil acts to assist the function of the 
switch when used for normal load-breaking. Although described here as 
an outdoor unit, it can equally well be employed for indoor installations. 

AUTOMATIC RECLOSERS FOR RURAL DISTRIBUTION 

Rural distribution is, in the main, at ii kV and by means of overhead 
lines. With the relatively close conductor spacing at this voltage, such lines 
are prone to interruption due to straw or small branches of trees being 
blown across them, or by the wing span of birds. As with other overhead 
lines, they are subject to lightning disturbances and all of these things 
result in what is known as transient failure, i.e. it is only very temporary 
and the cause is quickly eliminated. 
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(A) ARRANGEMF.NT WITH PROVISION FOR EARTHING & TESTING RING MAIN CABLES ONLY. 

(B) ARRANGEMENT WITH ADDITIONAL FACILITIES FOR EARTHING & TESTING TEE-OFF CABLE: 
IN THIS, THE FUSE-LINKS ARE REPLACED WITH SPECIAL ASSEMBLIES IN WHICH THE END CAPS 
ARE INSULATED FROM EACH OTHER AND THE CABLE SIDE END CAP HAS AN EXTENDED CONTACT 
TO engage with the earth contact when the assembly is in THE "ON" POSITION. 


Fig. 18-26. — Diagrammatic arrangements of ring main switch unit with tee-off 
fuse-switch (A. Reyrolle & Co. Ltd.), 
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If, as is common in rural distribution, circuits connected to the network 
are protected by fuses of the types described at the beginning of this chapter, 
all such incidents could cause fuse operation and the supply to a consumer 
may thus be interrupted for some lengthy period of time while fuse replace- 
ment is achieved, the time depending on the availability of a service engineer, 
locating the fuse which has operated and how far he has to travel to the point 
of fault. 

The problem then is to find some means whereby a circuit may be 
automatically restored after a short time delay so that if the fault is of a 
transient nature and is self-clearing, supply is only interrupted temporarily. 

We have seen, on page 6i8, how this objective has been achieved by the 
use of repeater fuses and on pages 17 1 and 174 how a pole mounting oil 
circuit-breaker can be arranged to give a number of reclosures by means of 
a falling weight mechanism. 

Here we shall be concerned to note the availability of specially designed 
automatic circuit reclosers which have been developed to operate in 
conjunction with fuses having suitable time/current characteristics or with, 
in at least one case, an automatic sectionaliser. It is important here to place 
emphasis on the fuse characteristics, the reason for which will become 
clear as we proceed. 

Fig. 18-27 he regarded as being typical of recloser application, the 
recloser being inserted in the main overhead line with slow-acting fuses to 
protect the subsidiary consumer circuits. 


SUBSTATION 


0 “ 

AUTO- 

RECLOSER 
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ACTING 

FUSES 


CONSUMER 

CIRCUITS 



Fig. 18-27 . — Application of automatic recloser and fuses. 


The recloser will be fitted with a sequence timing mechanism to provide, 
for example, an operating sequence of two instantaneous trips to be followed 
by two time-delayed trips and then lock-out. 

Thus, if a fault occurs at point F as shown, the recloser will open to 
interrupt the short circuit before the fuse-link can operate and the recloser 
remains open for approximately one second. During this time the fault 
path de-ionises and experience shows that in the majority of cases the cause 
of the fault will have disappeared. After the one-second period the recloser 
will automatically reclose and if the fault has disappeared, supply is restored 
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but if it has not, the recloser will open again instantaneously and remains 
open for one second before reclosing. If the fault still persists it may now be 
presumed to be permanent and the next trip is purposely delayed to permit 
the fuse- link to operate and isolate the fault. The recloser now closes to 
restore supply to remaining (healthy) circuits leaving only the faulty circuit 
isolated. 

If the fault current is insufficient to cause the fuse-link to operate during 
this first delayed tripping operation, the equipment recloses and is followed 
by a second delayed tripping operation to give the fuse-link a second chance 
to clear the fault. Should the fault persist, the recloser will lock-out and the 
operating mechanism must then be reset manually. 

This sequence is best illustrated by the operating cycle diagram given in 
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Fig. 18-28. — Operating cycle for auto -recloser. 


Fig. 18-28 but it may be noted that the sequence can be varied to suit 
operational requirements, e.g. the total of four tripping operations can be 
in any combination of instantaneous or delayed such as one instantaneous 
and three delayed or three instantaneous and one delayed. 

If the fault is cleared at any time during a sequence before lock-out, the 
mechanism of the recloser will reset so that it will be ready to commence 
the entire sequence again on the occurrence of any further fault. 



Fig. 18-29. — Application of auto-recloser and sectionalisers . 
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The satisfactory operation of a recloser in association with fuses depends 
on the degree of co-ordination obtained, requiring that the time/current 
characteristic of the recloser be graded with that of the fuse to give optimum 
discrimination. Thus the selection to give this must ensure. 

(a) That the recloser will perform the first two operations without causing 
the fuse-link to deteriorate, and 

(b) That the opening of the recloser will be sufficiently delayed on the 
third and fourth operations to permit the fuse-link to operate. 

Circumstances will arise where adequate discrimination as described 
cannot be obtained or alternatively the use of fuses may be considered 
undesirable. In these cases, the fuses in the spur lines may be eliminated 
by the use of automatic sectionalisers which are in effect oil switches designed 
to isolate a faulty circuit after a pre-selected number of opening and closing 
operations of the protecting recloser and during the '‘dead'' time of the latter. 
Thus the recloser acts as before to restore supply to healthy sections of a 
system after the faulty section has been isolated. In this arrangement, it is 
usual to arrange that the recloser is set for instantaneous tripping operations 
only. 

Figs. 18-29 2ind 18-30 represent the conditions for this arrangement 
from which it will be seen that if after the three instantaneous trips on the 
recloser the fault has not cleared itself, the sectionaliser on the faulty line 



Fig. 18-30 . — Operating cycles for auto-recloser (a), and sectionaliser (b). 
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will time itself out to open and clear the fault but breaking no current as 
the recloser is at that instant open. 

This description of the application of reclosers in association with fuses 
or sectionalisers is of necessity brief. There are, in practice, many other 
problems which require more detailed study, as for example where circum- 
stances require reclosers in series, where fuses of various ratings are employed 
in spur feeders beyond the recloser and possibly when, on a spur feeder, 
there may be fuses in series. These and other aspects related to recloser 
application are noted in the papers listed in the bibliography and, on page 609 
we have noted some data concerning the possibilities of discrimination 
between one make of fuses in series. 

It may be noted here that the breaking capacity of reclosers is relatively 
low, i.e. not exceeding 75 MVA at ii kV and it follows that if the short- 
circuit level at the main substation is say 1 50 or even 250 MV^A, the nearest 
recloser must of necessity be installed some distance from that point 
(probably several miles) so that the fault level has been reduced (due to line 
impedance) to 75 MVA or less. 

Finally a brief look at typical designs of recloser and sectionaliser. In 
that shown in Fig. 18-31 each recloser is a single pole single break device, 
three units being coupled by a torque rod to form a three phase assembly. 



Fig. 18-31. — Three pole automatic circuit recloser 
{Associated Electrical Industries Ltd.). 
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This design is available in two forms, one /to provide a cycle of two 
instantaneous openings followed by two time delayed openings before locking 
out and another to provide a cycle of up to four instantaneous openings 
before locking out. The first of these is intended for use on lines incor- 
porating remote slow-acting fuses and the second for use on lines which are 
solidly connected without remote fuses. 

The main design features are noted in Figs. 18-32 and 18-33. The 
opening operation is caused automatically by the passage of the fault current 
through a series operating coil which pulls down a solenoid plunger to open 
the contacts and interrupt the fault current. The plunger then returns 
to its original position under spring action and the contacts reclose. The 
mechanism provides for quick-make and quick-break action of the contacts. 
An oil-filled dashpot connected to the mechanism controls the open times on 



the unit and also controls the time-delayed openings in one form of the 
design. A monitoring device, comprising a toothed rack, (seen at 6 in 
Fig. 18-32) is lifted in steps by a catch during each closing stroke of the 
solenoid plunger and a timing device is incorporated to regulate the speed 
at which it can be reset. This toothed rack also provides the lock-out 
feature in that when the last tooth has been picked up, a lock-out link is 
positioned so that should the unit open again the lock-out mechanism 
operates to prevent further reclosure. Additionally it is arranged to control 
the open or closed positions of the main valve in the timing dashpot, this 
valve being held open for the first two operations to give instantaneous 
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opening and then closed to ensure two time-delayed openings. This 
function is automatically performed as the second tooth on the rack is lifted. 

The lever 3 in Fig. 18-32 provides means whereby the recloser can be 
closed or opened manually by means of a pole from ground level. The 
mechanism is so arranged that no reclosing operations are immediately 
available when a unit is closed manually, so that should it be closed on to 
a fault it will open automatically and lock-out. 

The design of automatic recloser shown in Fig. 18-34 is one having all 
three phases in a common tank. Its constructional features are shown in 
more detail in Fig. 18-35. 
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Fig. 18-35. — Sectional view of recloser interior (A. Reyrolle & Co. Ltd.). 

The unit in this design is closed by means of an electromagnetically 
charged spring mechanism and is held by a roller toggle against the action 
of a kick-off spring. Passage of fault current through self-resetting series 
overcurrent coils causes the recloser to open whereupon the sequence of 
reclosing and opening operations as described earlier (as in Figs. 18-28 
and 18-30) proceed automatically, locking-out should the full sequence be 
completed. 

The energy for closing is derived from what is described as a multi- 
stroke electromagnet, the coil of which is connected across two lines of the 
incoming supply through a pair of auxiliary contacts as shown in Fig. 18-36. 
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These contacts close as the recloser contacts 6 pen, thus energising the 
magnet, the armature of which moves downwards to start the charging 
process of the closing spring via a clutch mechanism. When the armature is 
almost fully home, the auxiliary contacts separate, de-energising the magnet 

INCOMING 



SERIES 

: OVERCURRENT 
TRIP COILS 


RECLOSER 



AUX. CONTACTS 
‘A’ CLOSE WHEN 
RECLOSER OPENS 


OUTGOING 


Fig. 18-36 . — Connection diagram for closing device (A. Reyrolle & Co. Ltd.). 

so that the armature returns to the open position under spring action. 
In this position the auxiliary contacts reclose and the magnet is re-energised 
to give a further charge to the closing spring. The sequence is repeated 
until the latter is fully charged, approximately seven strokes being required 
for the purpose and taking less than one second to complete. 

While this charging of the closing spring is taking place a rotating cam 
is being moved into a position where, after the last charging stroke is com- 
pleted, the spring is discharged thus closing the recloser contacts and opening 
the auxiliary contacts to de-energise the electromagnet. If, as a result of a 
permanent fault, the recloser completes its operating sequence, the auxiliary 
contacts are held open thus preventing any further charging of the closing 
spring and the recloser is locked open until reclosed manually by means of 
an external lever. 

Sequence timing is by means of an oil dashpot which, for the instantane- 
ous operations, is by-passed due to the opening of a piston valve. Thus the 
position of this valve determines whether the operation shall be instantane- 
ous or time-delayed and its position is controlled by a sequence cam which 
moves whenever the recloser opens. The sequence cam indexes every 
opening operation and another cam on the same shaft operates a pull-rod 
controlling the position of the piston valve. Thus, by adjusting the position 
of these cams relative to each other, the required number of instantaneous 
and/or delayed operations can be selected. 
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C. OPERATING SHAFT J. TANK 

D. B.P. LINK K. SERIES COIL TIMING DEVICE 

E. MOVING CONTACT (SEE FIG. 18-38.) 
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Fig 18-37 . — Sectional view of automatic sectionaliser (A. Reyrolle & Co, Ltd,), 

It will be seen from the part sectional view in Fig. 18-35 that ring type 
current transformers can be fitted over the recloser bushings and thus 
enable earth-fault protection to be included if required. This operates on 
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the core-balance principle and employs a rectifier-operated movingncoil 
relay which is also accommodated within the recloser. When operating on 
earth-fault, the recloser opens instantaneously throughout the predetermined 
number of operations to lock-out, i.e. no delayed tripping is allowed for. 

We have noted on page 628 that where fuses are not employed for one 
reason or another in spur lines, an alternative is to employ an automatic 
sectionaliser, a device which is in effect an oil switch designed to isolate 
a faulty circuit after a preselected number of opening and closing operations 
of the protecting recloser, as shown in the operating cycle diagram Fig. 
18-30. The interior of such a sectionaliser is shown in Fig 18-37. 

This switch is closed manually by means of an external lever suitable for 
pole-operation, and is prepared for opening by the passage of fault current 
through a series coil tripping device operated in conjunction with an 
associated protecting recloser. The energy for operating the sectionaliser 
is derived from a manually operated spring- charged mechanism which 
causes the sectionaliser to open when a roller latch is broken by movement 
of the series coil trip rods. 

The design of the series coil timing device is unique in that it must 
employ a form of dashpot which allows a predetermined number of fault- 
current pulses to flow through the coil before tripping occurs, i.e. each of 
the 3 pulses shown at (a) in Fig. 18-30 have to be carried before the section- 
aliser opens. 

MECHANISM 



UNIT IMMERSED IN OIL 


Fig. 18-38. — Series coil timing device for automatic sectionaliser 
(A. Reyrolle & Co. Ltd.). 
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Fig. 18-38 shows how this is achieved, using an electromagnet A which, 
when energised, attracts a piston B against the action of a spring. The piston 
B is fitted with a non-return valve such that when the piston is attracted 
downwards, oil flows from the underside to the top side, but when the piston 
is released by the electromagnet and is travelling upwards under the action 
of the spring, oil cannot return to the underside but instead forms a column 
which raises the position of piston C. This operation is repeated each time 
the fault current comes on and is switched off by the action of the associated 
recloser with the result that after the predetermined number of operations 
the piston C is raised sufficiently to operate the trip rod. If the fault is 
transient and is cleared by the recloser, the current pulses cease and piston C 
will reset by gravity on to its stop D. Facilities are provided whereby the 
number of pulse operations to cause tripping can be varied, this adjustment 
being made by raising or lowering the trip rod in relation to piston C. 

POLE-MOUNTING CIRCUIT-BREAKERS 

The fuse is an economical form of outdoor switching unit but is of 
somewhat limited application in so far as current ratings are concerned. For 
example, the expulsion type as described has maximum ratings of 75 and 50 
amperes respectively for slow or fast blowing elements. In the cartridge type 
(current limiting) the range is higher at the lower voltages, ratings of 400 
amperes being possible at 2-4 kV for example. In the fuse-switch unit, the 
fuse-link ratings range from 100 amperes maximum at 3*3 kV to 60 amperes 
at II kV. 

When such limitation are of importance, an alternative but yet econ- 
omical outdoor switching unit is the pole-mounted oil circuit-breaker, some 
constructional features of which have been noted in Chapter VI. Applied 
to pole-mounting as seen in Fig. 18-39 this breaker is operated from ground 
level by means of a simple hand lever mechanism through a chain drive. 
It can be arranged for automatic reclosure by means of the weight seen in 
Fig. 18-39 carried on the chain, standard practice being to provide for three 
reclosures at predetermined (adjustable) intervals and then to lock out. 

Although primarily intended for pole-mounting, this type of circuit- 
breaker can equally well be mounted on a suitable frame on the floor and 
in this way used to control a power transformer, the breaker and the 
transformer being combined as a unit with a metal trunking to accommodate 
the inter-connections. 

OIL SWITCH UNITS 

Where automatic protection is not required, e.g. overload or earth 
fault, the load-breaking fault-making oil switch can often be used with 
economy. The requirement that the switch must be capable of ‘*fault- 
making*' is necessary in that occasions may arise when, unknown to an 
operator, a fault (short-circuit) exists on the controlled circuit at a time when 
he goes to close the switch. To make a design suitable for this duty and that 
of load-breaking, the opening and closing mechanisms should be such as to 
make the speed of opening or closing quite independent of the operator. 

^ A design of tins type is that shown in Fig. 1 8-40, the operating melanism 
being of the spring-assisted type. 
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Fig. 18-40 . — Outdoor type oil-switch unit 400 amp 11 kV 
(Brush Electrical Engineering Co. Ltd.). 
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The oil-switch is a single break t3rpe having, and ^'earth'* 

positions and the operation to the different positions is achieved by a single 
operating handle which must be placed in one of two slots, only one being 
accessible at a time. By this means it is impossible to go direct from the 
**on'' position to "'earth'* or vice versa, as the operator must stop at the ""off** 
position to change the handle location. As in other units of this type des- 
cribed earlier in relation to indoor switchgear, facilities are provided for 
testing the incoming cable with the switch in the ""off** position but only 
after the cable has been first earthed. 

As indicated, an oil switch is intended for load-breaking, i.e. 400 amperes, 
and fault-making. The switch described has a making capacity of 33*4 kA 
(peak) at both 6*6 and 1 1 kV. 

METALCLAD OR METAL-ENCLOSED (PACKAGED) SWITCHGEAR. 

So far, we have considered types of outdoor gear where the protection 
afforded to a circuit is of the simplest form, e.g. fuses or magnetic overloads, 
or without any protective gear in the case of the oil switch. Such types 
cannot meet all service requirements and designs have therefore been 
introduced which afford many of the facilities available in indoor metalclad 
types but made entirely suitable for outdoor use in electrically exposed 
situations and employing oil circuit-breakers. 

In this section we shall note designs which embrace a voltage range up 
to 33 kV, noting first an ii kV design as shown in Figs. 18-41 and 18-42. 

This design is interesting in several respects, particularly the feature 
which eliminates the need to move the circuit-breaker for isolation purposes 
as in the drop-down or draw-out types noted for indoor applications. 
Isolation in this case is achieved by two oil-immersed isolators contained in 
separate compartments immediately above the circuit-breaker, as seen in 
Fig. 18-42. Any necessary current transformers are accommodated in a 
further oil (or compound) filled chamber and the busbars are in a compound- 
filled chamber. Thus there are no electrical clearances in air, the fixed 
circuit-breaker having eliminated the need for air-insulated isolating spouts. 
It will be noted from Fig, 18-42 also that the isolating switches have no 
""off** positions, being provided only with ‘"on** or “earthed** positions. 
Both isolators are operated simultaneously and are interlocked so that they 
can only be moved from “on** to “earth** after the oil circuit-breaker has 
been opened, thus eliminating the possibility of breaking or making load 
current on the isolators or of making on to a fault. Another interlock ensures 
that the oil circuit-breaker tank cannot be removed unless the isolators are 
in the “earth** positions. 

Provision is made at the isolator operating mechanism gate whereby 
independent operation of the isolators can be made when it is desired to 
earth either the feeder or the busbars through the circuit-breaker, and cable 
testing facilities are available with suitable precautionary interlocks. 

A development of this unit is that shown in Fig. 18-43 where the enclo- 
sure is extended to take outdoor through-bushings so that direct connection 
with an overhead line can be made. 

The units shown are available for 400 or 800 ampere current rating, 
with breaking capacities of 350 MVA at ii kV and 250 MVA at 6*6 kV. 
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Fig. 18-41. — Outdoor metalclad oil circuit-breaker unit 
(Long and Crawford Ltd.). 
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Fig. 18 - 42 — Cross-section of outdoor metalclad unit in Fig. 18 - 41 . 
(Long and Crawford Ltd.). 
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Fig 18-43 — Outdoor metalclad oil circuit-breaker unit with extended 
current transformer chamber to accommodate through-bushings 
(Long & Crawford Ltd ) 
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In Chapter X we have noted some details of a range of metalclad 
switchgear for outdoor service in which the principle of inverted vertical 
isolation is employed. This gear includes a circuit-breaker in which the 
*Caton Arc-Trap'* described in Chapter VI is used. 

As we have seen in Figs 10-14 and 10-15, a weatherhood gives complete 
protection against the elements and a typical switchboard is shown in Fig, 
18-44 



Fig 18-44 — A typical ^-panel 11 kV outdoor metalclad switchboard 
( Yorkshire Switchgear and Engineering Co. Ltd.). 


In this illustration a weatherproof cabinet is seen behind the main 
switchgear, this being installed to accommodate relays and metering equip- 
ment, telephone, etc. 

Fig. 18-45 shows how, after the circuit-breaker has been raised (isolated) 
and the moving portion drawn forward, the weatherhood is hinged backwards 
to give access to the circuit-breaker, instruments, trip coils and associated 
details. 

This type of gear is available for voltages in the range 415 volts to 22 kV 
and for use on systems with fault leveb of 2*5 MVA to 500 MVA. Oil 
switches and fused switches of similar construction can be readily lined up 
with the circuit-breaker unit, one example having been previously noted in 
Fig. 10-15. 
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The same manufacturer has also developed a design of outdoor metal- 
clad switchgear for use on 33 kV systems with interrupting capacity up to 
I 000 MVA. A typical unit is shown in Fig. i8-46(a) in which the steel 
roller shutter has been raised to show the circuit-breaker unit in its weather- 
proof housing. 

In this design, horizontal isolation is employed, with the circuit-breaker 
at ground level in its service and isolated positions. After being isolated, 



Fig. 18-45. — Weatherhood raised to permit inspection of outdoor 
metalclad unit, (Yorkshire Switchgear and Engineering Co. Ltd.). 


the circuit-breaker can be raised vertically to a position where it can be 
reconnected for cable earthing, plugging in to test spouts, i.e. the circuit- 
breaker can be transferred from '^service’' to “cable earth“. 

Fig. i8-46(b) shows the contact system of the circuit-breaker with the 
“Caton Arc-Traps.“ The facilities of isolation, transfer to cable earthing, 
and maintenance are achieved by hydraulic operation with fully interlocked 
selector switches and push button control. The circuit-breaker closing 
mechanism comprises hydraulically actuated springs with electrical release. 
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Fig. i8-46(a) — 33 kV metaldad outdoor switchgear View of complete unit 
with front shutters raised (Yorkshire Switchgear and Engineering Co Ltd ). 
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Fig. i8-46(b). — Circuit-breaker with tank removed to show contacts and arc- 
traps {Yorkshire Switchgear and Engineering Co. Ltd.). 
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Fig. 18-46(0). — Circuit-breaker closing mechanism and controls 
{Yorkshire Switcf^ear and Er^ineering Co. Ltd.). 
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Fig i8-46(d) — View of 33 kV busbars and busbar tee-off junction boxes 
(Yorkshire Smtcl^ear and Engineering Co Ltd ) 
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Charging of the springs is by a small motoif which can be connected to 
any convenient medium- voltage supply or to a no volt battery. The 
closing mechanism and other control facilities are shown in Fig. 18-46(0). 

A feature of the design is that in the event of a supply failure, a hand 
pump is provided capable of carrying out the operational facilities. It 
can also be used for slow-closing of the circuit-breaker in the isolated posi- 
tion for maintenance and adjustment purposes. 

The isolating plugs are epoxy sleeved condenser bushings with flexible 
resin in the annular space between the bushing and the outer sleeve. 
Condenser bushing type busbars are also employed, with compound-filled 
busbar/tee-off junction boxes, as shown in Fig. i8-46(d). This illustration 
also shows the busbar and cable plug orifice shutters which are independently 
operated and may be individually locked. 

The range includes an oil switch of the load-breaking fault-making type. 
This switch is of the double-break type with a spring assisted closing mech- 
anism for the main and earthing switches. It is possible to close the main 
switch by remote push button by using a small single phase motor to 
compress the springs in the closing mechanism. 



Fig. 18-47. — 33 kV outdoor metaUenclosed air-insulated switchgear unit 
(A. Reyrolle & Co, Ltd,), 
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In another 33 kV design, shown in Fig. 18-47, a fixed circuit-brewer is 
employed, isolation being obtained by rotatable bushing isolators in the 
circuit-breaker top plate. These bushing isolators have two positions only, 
viz. * ‘service*' and “earth" and a full complement of interlocks to ensure 
correct sequential operation. As in another development we have noted 
earlier, the circuit-breaker tanks cannot be removed unless the circuit- 
breaker is isolated and earthed on both sides. 

The circuit-breaker is completely phase-separated, each phase being 
contained in a separate oil tank and may be closed either by a spring or 
solenoid operating mechanism. Glass-fibre arc-control devices of the 
“Turbulator" type noted in Chapter VI are employed and the circuit- 
breaker has ratings of 750 and i 000 MVA at 33 kV, with normal current 
ratings up to 2 000 amperes. 

Facilities for cable earthing, cable testing and injection teW^ig of protec- 
tive gear are provided in this unit, the whole being contained within an 
integral structure to form a shelter, with full width access doors. 

Metal- enclosed or packaged type switchgear is generally available up to 
33 kV and derives its name from the fact that the metal enclosure affords 



Fig. 18-48. — Paqkaged substation for voltages up to 15 feV and with 
five circuit-breaker units of the vertical isolation type 
(A. Reyrolle & Co. Ltd.). 
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the protection which would otherwise be giv^n hy a building, and that, in 
some cases the complete switchboard may be shipped to site without dis- 
mantling or in other cases (at 33 kV), elements of the whole will he shipped 
to site in such a manner that re-assembly is reduced to a minimum. In 
many ways this resembles the once popular kiosk except that the latter 
usually housed not only the high-voltage switchgear but also a small power 
transformer and low-voltage distribution fuse units, whereas in the packaged 
substation, only high-voltage gear is housed. 

Typical of the type is that shown in Fig. 18-48, in which a s-panel 
switchboard is seen l^hind the open access doors. Similar doors at the rear 
give access to the cable compartments. 

For convenience of assembly and for shipment purposes, a long board of 
more than five units is subdivided into two or more len^hs and reassembled 
as an entity on site. The space at the front of each umt provides a worldng 
gangway and is sufficient to permit withdrawal of a circuit-breaker carriage 
and to carry out maintenance on it under coyer. 

A problem with all enclosed gear of this type is that of condensation. 
In the design illustrated this is eliminated by treating the underside of the 
roof with thermal insulation and by ensuring constant air circulation inside 



Fig. 18-49. — packaged substation housing an oil circuiubreaker 
unit and an oil switch for voltages up to ii feV. 

(South Wales Switchgear Ltd,). 
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the enclosure through rodent-proof louvres at the base of each door and 
under the eaves. A further preventive measure consists of priming and 
finish painting in stoved epoxy resin heat-reflecting aluminium. 

In another range of packaged substation two forms have been developed, 
one, shown in Fig. 18-49, being a low level design for housing vertical 
isolation oil circuit-breakers up to i 200 ampere rating and/or load-breaking 
fault-making oil switches of 400 ampere capacity, for voltages up to 1 1 kV, 
the whole being fully extensible on either side. In a second design known as 
the **aisle^* type a single access door at the end of the substation affords access 
to an operating and servicing area in front of the circuit-breaker units, as 
shown in Fig. 18-50. 



Fig. 18-50. — Sectional view of packaged substation 13*8 kV 500 
MVA of the **aisle'* type {South Wales Switchgear Ltd,), 


In this latter design access to each individual unit from the aisle involves 
the opening of a further door which acts as an instrument and control panel, 
as shown in Fig. 18-50. The aisle is of such width as to allow withdrawal of 
a circuit-breaker unit under cover for servicing or other purposes. If 
required for connection to overhead lines, roof bushings can be included, 





Fig. 18-51. — Two i^-panel 33feV single busbar switchboards of the packaged type at the East Kirby Switching Station 
of the East Midlands Electricity Board. (South Wales Switchgear Ltd ). 
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while the connections between a circuit-breaker unit and an outdoor power 
transformer can be ’made in an interconnecting trunk. 

At 33 kV, package type switchgear can lead to very considerable saving 
in space, and requires only a fraction (probably about one-tenth) of the area 
necessary for open type outdoor gear. An interesting example of this space 
economy is that shown in Fig. 18-51, where two 14-panel switchboards 
combine to complete a 28 unit switching station in an area of 20 yards by 
34. The design of unit employed in this illustration is noted in more detail 
in Fig. 18-52 a feature being that the unit is completely air-insulated except 
for the oil used in the circuit-breaker and voltage transformer tanks and all 
insulation exposed to air is of porcelain with creepage paths to earth generally 
comparable with 44 kV outdoor practice. Another feature is that although 
the circuit-breaker is arranged for vertical isolation, there are no orifice 
insulators, the plug and socket isolators at the circuit-breaker terminals 
being completely unshrouded, as seen in Fig. 18-53. 


6'-or ii'-iir 



Fig. 18-52.— Sectional view of 33 kV packaged switchgear unit with 
single busbars, (South Wales Switchgear Ltd,), 
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Fig. 18-53. — Plug and socket isolators between circuit-breaker and 
busbars, (South Wales Switchgear Ltd,). 
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Fig. 18-56. — Self-contained control room forming part of a 
6 -unit 33 feV pocketed substation. (South Wales Switchgear Ltd.). 






658 THE J. & P. SWITCHGEAR BOOK 

Normal servicing of the circuit-breaker can be carried out within the 
housing but space must be left in front of the units for complete removal 
should this be necessary, as shown in Fig. 18-54. 

By suitably increasing the back to front dimension and the height, a 
duplicate busbar arrangement is possible, the choice of busbar in service 
being on the transfer breaker principle as described in Chapter XIII. Where 
circuits are for controlling overhead lines, through-bushings can be fitted 
either at the rear of units or in the roof. An example of the former is noted 
in Fig. 18-55. 



Fig. 18-57. — 132 kV indoor switching station at the C.E.G.B, 
Nuclear Power Station at Hunterston, with air-blast circuit-breakers 
at 3 500 MVA. (Associated Electrical Industries Ltd.), 


For the remote control of the circuit-breakers and for accommodating 
indicating instruments protective relays and other miscellaneous apparatus, 
e.g. battery, one or more of the compartments can be set aside to act as 
control room. Such a control room is that shown in Fig. 18-56. 

The gear as described is rated up to i 000 MVA at 33 kV and with normal 
current ratings up to 2 000 amperes. Current-breakers of i 500 MVA 
rating can also be included in the same frame size. 
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MAJOR SWITCHING STATIONS OR SUBSTATIONS 

With increasing voltage and interrupting capacity it becomes necessary 
to contemplate a switchgear installation of the completely outdoor type with 
no protective shelter. This is usually the condition for voltages of 66 kV 
up to 400 kV for which the outdoor types of bulk-oil, small-oil-volume, or 
air-blast circuit-breaker as discussed in Chapters VI, VII and VIII will be 
used. 

It may be noted however that outdoor substations may on many occasions 
be used for voltages below 66 kV and, conversely, some higher voltage 
installations may be of the indoor type In this latter respect we have noted 
in Chapter VIII, Fig. 8-19, an example where 66 kV air-blast circuit-breakers 
have been installed in individual block houses. A very recent example of an 
indoor switching station at 132 kV is that shown in Fig. 18-57, and even 
more recently, details have been given of indoor substations at 275 kV.* 



Fig. 18-58. — 33 feV outdoor substation North of Scotland Hydro-Electric Board, 
Coupar-Angus, Perthshire, (Brush Electrical Engineering Co. Ltd.), 

* See Electric Times pp 919-923, 20th June, 1963. 
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It must be remembered that in the outdoor station, the surfaces of all the 
many insulators are subject to atmospheric pollution and under bad condi- 
tions may require frequent cleaning if flashovers are to be prevented. It is 
for reasons such as this that development of the outdoor metalclad or metal- 
enclosed types (within voltage limits) has proceeded apace. It is also one of 
the reasons why, in outdoor designs, the “low-levef ^ type is preferable to the 
alternative ‘^high-levef* type. In the former, the various component items 
are all mounted as near to ground level as electrical clearances permit, thus 



Fig 18-59. — 66 kV outdoor substation Yorkshire Electricity Board, 
Driffield. (English Electric Co. Ltd.). 


easing the problem of cleaning and maintenance considerably. Typical 
stations of the low-level type are shown in Figs. 18-58 and 18-59, from 
which will be noted the extensive use of concrete supporting structures, 
but this is not essential, as lattice structures in steel can be used as shown in 
the examples Figs. 18-60 and 18-61, the former being an example of 
substation employing oil circuit-breakers, the latter one employing air-blast 
circuit-breakers. 
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Fig. 18-60. — 66 kV outdoor substation for the Sengulam Hydro- 
Electric Power Station of the Government of Travancore & Cochin, 
India. (English Electric Co. Ltd.) 
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Fig. 18-62. — 165 feV outdoor substation erected on the roof of the Vila- 
Nova Hydro-Electric Power Station, Portugal. 

(English Electric Co. Ltd.). 
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Fig. 18-63 — 220 feV outdoor substation in Australia 
{State Electricity Commission, Victoria ) 
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Fig 18-64 — Part of 275 kV outdoor substation at Rochdale, 
C E G B Merseyside and North ^ales Division 
(The English Electric Co Ltd) 


ss 
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Fig. 18-65 — Illustratxr^ the use of a specially designed portable 
sectional scaling ladder on a 275 kV air-blast circuit-breaker. 
{The English Electric Co Ltd.) 
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“High-lever* stations resort largely to steel structures and, apart from 
the circuit-breaker, the isolating switches, busbars, etc. are all mounted 
high above ground. In general the design results in a smaller area being 
required for a given substation, and exceflent example being that shown in 
Fig. 18-62, where the substation is erected on the roof of a hydro-electric 
power station, and employing air-blast circuit-breakers. 

Finally, we may note two examples of outdoor substations, one at 220 kV 
employing oil circuit-breakers, the other at 275 kV having air-blast circuit- 
breakers, both floor mounted. 

These examples. Figs. 18-63 and 18-64, respectively, are t)^ical and it 
is of passing interest to note that at 275 kV, the topmost point of the circuit- 
breaker is approximately 24 feet above ground. In the event of access being 
necessary to this, or indeed any lower, point, some form of scaling ladder 
is essential and an example of such a ladder is shown in Fig. 18-65. 

Author* s Note : — 

Designs for 400 kV circuit-breakers have been noted on pages 229, 230, 
238 and 239. Illustrations of switching stations employing these very new 
designs were not available in time for inclusion here. 
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CHAPTER XIX 

OIL CIRCUIT-BREAKER AND OIL SWITCH 
OPERATING MECHANISMS 

The design and type of operating mechanism for use with a particular 
circuit-breaker or oil switch are of considerable importance in that satisfactory 
performance in both closing and opening is dependent on the mechanism. 

Stated briefly, the duties involved are: — 

(a) To provide a means whereby the closing operation can be achieved 
as rapidly as possible and without hesitation at all currents from 
the normal rating up to the highest peak fault-making current. 
Under this latter condition, a non-hesitant closing stroke is vitally 
important at the point of travel when the moving contacts approach 
and touch the fixed contacts. 

(b) To hold the circuit-breaker or switch closed by toggles or latches 
after the closing force has been removed and to provide easy release 
of this holding device immediately it is acted on by any tripping 
device, thereby allowing the circuit-breaker or switch to open 
without delay. 

The problem of closing (duty (a)) would call for little comment if the 
only condition to be met was that of closing on to currents no greater than 
normal load values. In these circumstances the mechanism would need only 
to be capable of overcoming the inertia of the moving parts (although this 
may require a relatively high degree of force in very heavy current circuit- 
breakers), gravitational forces (in vertical-break designs), and the viscosity 
of the oil. 

The electromagnetic forces due to “grip'' and loop effect discussed in 
Chapter VI are not of a magnitude to be of great concern at normal currents 
but, unfortunately, the latter are not the only ones to be taken into account 
and, as we have seen in other chapters, it must be possible to close on to an 
existing short-circuit, a condition involving the high peak currents which 
can occur in the first half-cycle of short-circuit. The electromagnetic forces 
may now be considerable and arise as soon as current is established at 
contact touch or slightly before, and it is at this moment that any hesitation 
can have results which may be disastrous, such as contact welding, sustained 
arcing leading to high and dangerous internal gas pressures, or, at the least, 
severe contact burning. 

It is essential therefore that the speed of closing should be such as to take 
the moving contact system right through to the end of its movement so that 
it reaches a position in the i^ed contacts at which ample contact pressure 
exists over the main contacting surfaces. The loop forces oppose the closing 
stroke and often with such effect that some oscillation of the moving contact 
system in the vicinity of the fixed contacts is not unknown. 
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Hesitancy is undoubtedly more likely with hand (manual) closing 
mechanisms because here the physical strength and skill of the operator are 
dependent factors. For this and other reasons B.S. ii6 recommends that 
manually operated mechanisms should only be used on circuit-breakers 
when the breaking capacity does not exceed 150 MVA and that special 
consideration be given to the means of closing when the fault-current 
(r.m.s. symmetrical) exceeds 22 kA at voltages up to and including 3-3 kV. 
This means that the closing device for circuit-breakers or switches outside 
these limits should be designed for electrical, or other power op)eration and 
a review of modern switchgear practice shows that many manufacturers 
follow this recommendation. 

There are many forms of power-closing mechanism available, including 
solenoid, spring-power, spring-assisted, compressed-air, and hydraulic. 
The choice of device depends on many circumstances, e.g. whether the 
circuit-breakers are fully remote-controlled, the size of the breakers, i.e. 
normal current rating, breaking capacity and voltage, whether high-speed 
auto-reclosure is required and whether, for example, compressed-air is 
available for other purposes as with air-blast circuit-breakers. 

The solenoid type of mechanism is perhaps the oldest and best known 
of the various forms available and for medium size circuit- breakers is an 
automatic choice where full remote control is required. Unfortunately, it 
demands a source of d.c. supply which may be obtained from a battery or 
a rectifier equipment and both represent costly additions to an installation. 
Where rectifier equipment is employed, it is preferable that its source of 
supply be some other than that which is controlled by the circuit-breakers. 
The d.c. supply to a solenoid is usually at no or 240 volts and the design 
must be such that it will operate satisfactorily at 80% of the normal voltage. 
The current taken by the solenoid on closing will depend on the size of 
the circuit-breaker and may be quite high. This in turn will determine the 
size of the battery or rectifier equipment, and it has to be remembered that 
on occasion it may be necessary to close several breakers in quick succession 
causing a heavy drain on a battery when employed. Because the current 
taken by the closing coil is relatively high, the normal control switch is 
incapable of dealing with the current direct and therefore a contactor is 
interposed, the control switch controlling the contactor and the latter com- 
pleting the heavy current circuit to the solenoid coil. By means of suitable 
relays, a solenoid-operated circuit-breaker can be readily adapted for auto- 
reclose operation. 

The many installations for primary distribution at voltages up to 1 1 kV 
(and to some lesser extent 15/22 kV) in which remote control is unnecessary, 
have led to the very considerable use of the much cheaper form of closing 
device where the energy which can be stored in compressed springs is put 
to use. Present-day designs of such mechanisms include those where the 
springs are ''charged'', either manually or by a motor, in readiness for a 
closing operation, the springs being latched in this state. This latching 
mechanism may then be released by manual (local) means such as a lanyard 
or push-button, or electrically (remote) by suitable coil and thus allowing 
the springs to "discharge" to close the circuit-breaker or switch. In another 
form which is now extremely popular, the mechanism has a closing handle 
as in a hand-closing mechanism plus a spring or springs. When the operator 
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requires to close a breaker or switch with this^ mechanism^ the handle is 
used in a manner similar to hand-closing but during the initial part of the 
movement, the springs are being compressed until, at a predetermined point 
of the movement, the energy stored in the springs is released (automatically) 
to complete the closing operation of the breaker or switch independent of 
any further action by the operator, i.e. the final closing operation is taken out 
of his hands. 

This latter type is known generally as a spring-operated manual-closing 
mechanism, whereas the type first described is known as a spring-operated 
power mechanism. 

At this point it is of interest to note that in a solenoid-operated closing 
mechanism, the closing characteristic is such as to give maximum force at 
the end of the stroke, i.e. as the moving contacts reach the “touch'' and 
“closed" position and when the opposing forces are maximum. In spring- 
operated mechanisms, the reverse is true, in that maximum force occurs at 
the beginning of the stroke and decreases as the stroke proceeds. This means 
that in order to ensure ample force as the contacts close, a very powerful 
spring or set of springs may have to be employed. The closing characteristics 
of the two mechanisms are illustrated graphically in Fig. 19- 1. 



(A) PLUNGER STROKE (B) SPRING STROKE 

(Solenoid) (Spring close) 


Fig. 19- 1 . — Closing characteristics of solenoid and springs. 

On the problem of tripping the mechanism (duty (b)) it is clearly essential 
that, on the occurrence of a fault, (e.g. overload, earth-fault or short-circuit) 
the circuit-breaker should open with certainty and as quickly as possible after 
the tripping impulse has been received. This impulse may come from direct- 
acting protective coils associated with the mechanism, c.g. series or current 
transformer operated overload coils, or from a relay associated with a particu- 
lar system of protective gear (sec Chapter XV), the relay in turn energising 
a shunt trip coil at the mechanism. The efficient functioning of the mech- 
anism on tripping depends very largely on the mechanical design, the 
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Fig. 19-2. — Link diagram of closing mechanism suitable for hand, solenoid 
or spring-operation (Johnson & Phillips Ltd.). 
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Fig. 19-3. — Typical hand-operating mechanism on the circuit-breaker 
forming part of a ring main unit {Johnson & Phillips Ltd ) 
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inertia of the parts which have to be moved from rest to cause an opening 
operation being kept as small as possible. The number of toggle joints 
employed should be kept to a minimum as, if these are excessive, the time 
taken to break them on tripping is increased. 

When a '‘train** of toggles is broken to trip a breaker or switch, the 
toggles must be reset before another closing operation can be performed. 
In hand-operated mechanisms, resetting usually takes place as the handle 
is lifted to its "ready-to-close** position. In power-operated mechanisms, 
resetting is automatic after the opening movement is complete. A typical 
link diagram is given in Fig. 19-2 showing the links as they appear in the 
"tripped**, "reset** and "closed** positions. 

Most hand-operated mechanisms are designed to be "trip-free** which 
means that at all stages during a closing operation the circuit-breaker is 
free to trip open should a tripping impulse be given. A reverse trip is often 
provided which may take the form of a rack and pawl and, as the latter 
passes over the teeth of the former during the closing stroke, a spring is 
compressed. Should the operator hesitate, due to the forces opposing him, 
or because of contact pressure, and then reverse the handle rotation by a few 



Fig. 19-5. — Solenoid-operated closing mechanism. 
Cover removed {Johnson & Phillips Ltd.). 
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degrees, one of the teeth catches on the pawl to iK)tate the reverse trip unit 
to the point where it lifts the trip bridge and trips open the circuit-breaker^ 
A device of this type is used on some of the designs to be shown later and, in 
a spring-operated power mechanism, it is also used to prevent slow opening 
pf the circuit-breaker, a condition which might arise if for some reason, such 
as badly burnt contacts, the full travel of the closing stroke has not been 
made and one of the final toggles has not gone sufficiently over centre. 

Fig- 19-3 shows a hand-operating mechanism employed on a circuit- 
breaker unit, while Fig. 19-4 shows the mechanism in cross-section in its 
three positions. 


if — 
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Fig. 19-6. — Cross’-section of typical solenoid-operated mechanism 
{Johnson & Phillips Ltd.). 
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A solenoid-operated closing mechanism is illustrated in Fig. 19-5 wd 
in cross-section in Fig. 19-6. In this latter illustration, the link mechanism 
ateve the solenoid coil is that previously shown in Fig. 19-2, the mechanism 
being ‘‘reset*' and the plunger down ready for a “close" operation. 

A spring-operated power mechanism using the same linkage is that shown 
in Fig. 19-7, a design which employs four springs placed at the comers of 



Fig. 19-7. — Closing mechanism for spring operation. 

Covers removed {Johnson & Phillips Ltd.). 

the upper and lower compression plates. In other designs, six springs are 
used, while in others single or concentric springs may be employed. Various 
precautions must be taken with devices of this type and in that shown, the 
following are included: — 

{a) The springs, if charged, cannot be released while the circuit- 
breaker is closed. 

(b) Interlocks prevent slow-closing or slow-opening of the circuit- 
breaker in its service position. 

(c) If the springs fail, it is possible to hand-close the circuit-breaker. 
Features of the device are that the springs can be recharged while the 

circuit-breaker is closed, thus preparing in advance for the next closinp^ 
operation. Release of the springs can be by an electrically operated coil 
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for remote control, by hand through the mediuiii of a lanyard or, if in the 
case of a supply failure to a release coil, by an emergency hand release. 

We have noted^ earlier (Fig, 19-1) how the spring-operated power mech- 
anism has a falling forcc/distance characteristic. The employment of a 
suitable toggle arrangement in the design illustrated helps to overcome this 
drawback, the arrangement being such that the closing links are made to 
approach a near-centre position at the end of the spring travel. This 
arrangement also gives the operator some mechanical advantage wh^n 
charging the springs. These features are demonstrated in Fig. ig-8 at 
(a) and (b). 




(a) (b) 

Fig. 19-8, — Toggle mechanism used in spring-closing device 
{Johnson & Phillips Ltd.). 

Having designed a spring- closing mechanism which will satisfactorily 
close a circuit-breaker on to an existing fault where the opposing forces are 
a maximum, it may be found that when the same mechanism closes against 
much reduced opposition, e.g. closing on normal load, very high speeds are 
attained which cause considerable stressing in parts of the mechanism. Some 
form of buffering is therefore desirable to take up this surplus energy and a 
simple arrangement is that which employs pads of rubber above the upper 
compression plate (the moving plate in Fig. 19-8). In other designs an oil 
dashpot is used which is effective at high switching speeds but is less so at 
speeds damped down by the opposing forces when switching on to faults. 

Spring- closing devices of the power type are employed on breakers of 
various sizes. That shown in Fig. 19-7 is for breadkers up to 350 MVA at 
1 1 kV and is such that charging the springs can be readily carried out by 
means of a hand lever. For larger breakers, the spring-closing device may 
require very considerable effort in the process of charging the springs, and 
in this case it is usual to arrange that this function is performed by an 
electric motor. 

Fig. 19-9 shows another form of spring-operated power mechanism 
using niudi lighter springs and only two of them, disposed one on each side 
of the link mechanism. 
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Fig. 19-9. — Light spring-operated power mechanism. Cover removed, 
spring-charged, breaker open {Johnson & Phillips Ltd.). 
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Fig. 19-10. — Inserting handle to charge springs. Handle is lifted in 
slots and cannot be removed until springs are latched in charged position 
(Johnson & Phillips Ltd.), 
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CLAYLANDS 
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Fig. 19-13. — Operating mechanism as Fig. 19-12 with handle in 
breaker closed position (Johnson & Phillips Ltd.). 
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Fig. 19-15 — Position of handle taken up when disengaged from the drive 
{Johnson & Phillips Ltd ) 
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Figs. 19-10 and 19-11 show (respectively) the operations of spring 
charging and releasing to close the circuit-brewer, the latter being a hand- 
operated function by pulling the handle above the mechanism forward. 
The various precautions noted earlier apply equally to this mechanism, 
which also includes a reverse trip device generally as that shown in Fig. 19-4. 

The other form of spring-closing device is that where the energy stored 
in compressed springs is produced by the movement of a handle during the 
initial part of the operation and is released to complete the closing operation 
at a predetermined point in the stroke and independently of the operator, 
A design of this type is noted in Fig. 19-12 which shows the three stages, 
closed, tripped, and reset. 

In this mechanism, resetting is effected by raising the handle to its upper 
limit, as shown in Fig. 19-12. This handle movement not only resets the 
internal driving links and tripping toggles but it also engages the forward 
ends of the springs under suitable retaining catches. 

From this position, downward movement of the handle compresses the 
springs from the back ends through a system of links and levers. As the 
springs compress and stored energy builds up, the handle links take up a 
toggle formation to the advantage of the operator and, as the links pass over 
dead centre, they push the spring retaining catches free, thus releasing the 
forward ends of the springs which discharge to close the circuit- breaker 
through the driving links while the operator takes the handle through to 
the vertical (downward) position free of the circuit-breaker. The final handle 
position and a general external view of the complete mechanism is noted in 
Fig. 19-13. 

To trip the circuit-breaker, the handle is lifted, this reverse upward 
motion causing tripping through a ratchet and pawl device as previously 
described in relation to Fig. 19-4. With the circuit-breaker in the open 
position, no stored energy remains in the springs. 

In the design illustrated, a facility is provided whereby should an operator 
find, after commencing a closing operation, that he is not required to close 
that particular breaker, he can disengage the positive drive by depressing 
two catches on the articulated handle, as shown in Fig. 19-14, and allow 
the handle to drop down to the position shown in Fig. 19-15. 

From the position shown in Fig. 19-15, the catches will re-engage as 
soon as the handle is lifted. 

Another facility which must be provided in spring-operated, manually- 
closed mechanisms is that it shall be possible to close a circuit-breaker 
slowly for inspection, maintenance and/or adjustment. This means that 
some method must be devised whereby the mechanism is converted to 
manual-closing throughout, i.e. the springs take no part in the operation. 
Coupled with this it is essential to ensure that slow closing can only be 
performed when the circuit-breaker has been 9ompletely isolated from its 
service or earth positions. (Sec Addendum to B.E.B.S. — S 2 (1955).) 

To achieve all this in the design described and related to a switchgear 
unit of the vertical isolation type as described in Chapter X, the circuit- 
breaker is first isolated and then withdrawn, on its carriage, from the 
fixed housing. In this position, a slide bolt is ejected from the carriage 
structure which makes it possible to withdraw a link attached to the spring 
retaining catches at the rear of the carriage. Movement of the operating 
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hmdlc will not now charge the springs but the rigidity of the latter in their 
discharged state is sufficient to operate the closing mechanism at hsmd-closing 
speeds. The bolt and the links must, of course, be restored to normal 
before the circuit-breaker carriage can be returned to the housing. 

In Chapter VI we have noted the increasing use of load-breaking, fault- 
making oil switches and have illustrated various designs. Because of the 
facility such switches must have to make on to an existing short-circuit, the 
closing mechanism adopted is generally of the manual spring-operated type 
we are now considering. As we have seen, the oil switch incorporates switch 
blades for the primary circuit and for earthing, and in one design separate 
switch blades are employed, operated by individual driving shafts and 
linkages but from a common spring mechanism. How this is achieved is seen 
from Fig. 19-16, which, with the accompanying notes, is self-explanatory. 


(WtTCM lMA»r 



SWITCH WITH BOTH EARTH AND MAIN SWITCH EARTH SWITCH CLOSED. NOTE THE SPACE 
BLADES OPEN. NOTE THE SPACE “X” BETWEEN THE “X” BETWEEN THE TWO PARTS OF THE 
TWO PARTS OF THE SPRING’S CORE. THIS ALLOWS SPRING’S CORE. 

EITHER EARTH OR MAIN SWITCH TO BE CLOSED ONTO 
ITS CONTACTS BUT WILL NOT PERMIT BOTH TO BE 
CLOSED AT THE SAME TIME. 



WITH EARTH SWITCH CLOSED, AN ATTEMPT HAS MAIN SWITCH CLOSED. NOTE THE SPACE 
BEEN MADE TO CLOSE THE MAIN SWITCH. THE CORE “X” BETWEEN THE TWO PARTS OF THE 
ENDS HAVE BUTTED TOGETHER AND SPACE "X” HAS SPRING’S CORE. 

DISAPPEARED THUS PREVENTING FURTHER MOVEMENT 
OF THE MAIN SWITCH. 

Fig. 19-16. — Manual spring-operated closing mechanism as applied 
to an oil switch with earthing facilities (Johnson & Phillips Ltd.). 
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Fig. 19-17. — Operating handle in "closed” position on main switch 
{Johnson & Phillips Ltd.). 
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In Fig, 19-17, an operator is seen with the operating handle in pobition 
having closed the main switch on the upper spigot and lever pin. To close 
the earth switch the same handle is used but in this case is placed over the 
lower spigot and lever pin and the handle lifted vertically. 

The lever pin in this design, having passed over centre, is driven by the 
spring to pick up the switch shaft driving plate and rotate it to close the 
switch at speed and independent of the operator. To open either switch, the 
reverse procedure is applied and again the spring takes over from the operator 
to provide a quick-break opening. An interesting feature of this mechanism 
is the single spring with an internal core of tubes, having a limited movement 
as between tubes (marked ‘X* in Fig. 19-16) to provide a foolproof interlock. 



Fig. ig-iS,-^Compressed-air operating mechanism with unit compressor, 
applied to 66 kV outdoor oil circuit-breaker (The General Electric Co. Ltd.), 
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Two examples of compressed-air closing mechanisms are illustrated in 
Figs. 19-18 and 19-19, both employed on large outdoor oil circuit-breakers. 

That shown in Fig. 19-18 is one where a unit compressor is used at each 
circuit-breaker, the compressor being seen at the bottom of the cabinet, the 
latter carried on the circuit-breaker floor mounting framework, In this 
arrangement, an air cylinder and piston in the upper part of the cabinet 
drives the link mechanism to close the circuit-breciker, the air supply being 
controlled by electro-pneumatic valves so that remote operation can be 
provided. 

In the arrangement shown in Fig. 19-19, each mechanism has its own 
air receiver which will be fed from a storage point and central compressor 
plant, very similar to the arrangements we have noted in Chapter VIII when 
considering air-blast circuit-breakers. The receiver can provide for two 
closures without make-up air. 



Fig. 19-19. — Compressed-air operating mechanism with air receiver, applied 
to a 132 kV outdoor oil circuit-breaker (Associated Electrical Industries Ltd,), 
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Air will be admitted to the closing piston by means of electrically 
operated valves and suitable interlocks ensure thal! a closing operation^ once 
initiated^ must be completed, thus ensuring that the circuit-breaker will then 
open at its normal speed because the opening springs must be fully com- 
pressed before the circuit-breaker can trip. 

In another design of outdoor oil circuit-breaker (33 kV 750 MVA) a 
spring-closing mechanism is charged by a motor-driven hydraulic pump. 
This mechanism, with its pump, is shown in Fig. 19-20. 



Fig. 19-20. — Spring-closing mechanism for 33 kV outdoor oil circuit- 
breaker, with motor-driven hydraulic pump for chargim the spring 
(A. Reyrolle & Co. Ltd.). 
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,« T^he latching of the closing spring is assisted by the inherent pressure 
in the charging cylinder acting on the latch until it reaches its final position. 
The pump motor control is so arranged that when the closing spring is 
discharged, the charging cycle is automatically re-commenced. In this 
design, the closing spring is a chrome-vanadium torsion bar anchored to 
both the mechanism and the main frame of the circuit-breaker and when 
charged is locked in position by a roller latch. The closing operation is 
initiated by a remotely-controlled spring release coil with provision for local 
manual release. 

The tripping mechanism is powered by a similar but lighter torsion-bar 
spring which is charged by the discharging action of the closing spring so 
that the mechanism is prepared to accept any tripping impulse which may 
be transmitted to it either manually or from the associated protective gear. 


CIRCUIT-BREAKER 
OPERATING MECHANISM 


OPERATING CYLINDER 
OR ACTUATOR 


OIL FEED TANK 
WITH AIR FILTER 
BREATHER 



HYDRAULIC 
ACCUMULATOR 
SOLENOID OR HAND 
OPERATED RELAY VALVE 


Fig. 19-21. — Pneumo-hydraulic closing mechanism 
(Brush Electrical Engineering Co. Ltd.). 
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Another interesting closing mcch^sm applied to a 33 kV outdoor 
circuit-breaker is a stored energy device the basic element of whidi is a 
hydraulic accumulator. This scheme shown in Fig. 19-21, is one in which 
oil is stored at high-pressure and is released by a relay valve to an op>erating 
cylinder to close the circuit-breaker. The valve solenoid draws its supply 
from a 30-volt, 1 5 ampere-hour tripping battety. 

Referring to Fig. 19-21, the accumulator is pre-charged with gas to a 
pressure of 2 000 lbs. per sq. in. Oil is pumped into the other end of the 
cylinder and the separating piston compresses the gas to 4 000 lbs. per sq. 
in. at which pressure the stored energy is sufficient for a number of successive 
closing operations without re-pumping the oil. As the pressure on both 
sides of the piston is equal, the piston seals are not subjected to differential 
pressures. 

In the normal valve position, oil is contained under pressure in the 
accumulator, in the pipe line to the non-return valve, and in the pipe line 
up to the main valve crating. When the valve solenoid is energised, the 
operating cylinder is initially sealed from the oil feed tank. Pressure is then 
applied to the operating cylinder through a restricted orifice in order to take 
up any slack in the mechanism and the final movement of the valve spindle 
lifts the main valve to allow full flow of oil to the operating cylinder. An 
electrically-driven pump supplies oil from the reservoir to the accumulator, 
the motor being under the automatic control of a pressure switch, starting 
up when pressure falls below a set value and stopping the motor when the 
required pressure is restored. 

A lock-out pressure switch interrupts the relay valve solenoid circuit if 
the accumulator pressure is too low for a satisfactory closing operation and 
a further pressure switch operates a warning light at the remote control 
panel when pressure is low. 

For emergency operation, the relay valve can be operated by hand to 
close at normal speed. Hand charging of the accumulator is possible 
via an attachment fitted to the pump shaft. 

It is claimed for this method of operation that the substantially constant 
pressure on the piston of the operating cylinder gives good closing charac- 
teristics, that the light mass of moving parts results in low impact forces on 
the mechanism and it eliminates heavy springs or heavily loaded catches. 
Gas is not in direct contact with the fluid and as the latter is in a closed 
circuit it is not consumed. 
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The majority of three phase systems today operate with an earthed neutral, 
earthing being achieved either directly or through an impedance. Never- 
theless, there are quite a number of systems operating with a free neutral, 
i.e. insulated systems* and the advocates of this method claim its superiority 
on the grounds that the/sup^dy can be maintained for a time on the two 
healthy lines while an eartHTault exists on the third. This argument is 
particularly true for an overhead transmission system when the failure 
of one line to earth is not so likely to develop into a fault between two or 
more lines. Later in this chapter details will be noted of a protective system 
applied to insulated systems. On a cable system, however, one line down 
to earth leads to heating and burning with the likelihood that, within a 
short time, an earth-fault will develop into a phase-fault and to avoid this 
possibility, quick acting earth fault protection is required. 

The advantages of the earthed neutral are many and include: — 

(a) Persistent arcing grounds are eliminated if suitable protective 
gear is employed. 

(b) Earth-faults comprise a short-circuit between the faulty line 
(or lines) and earth and can be utilised to operate protective 
relays to disconnect the fault. 

(c) The voltage on healthy lines is held to line/neutral voltage. 

(d) Induced static charges are conducted to earth without dis- 
turbance. 

It is of interest here to note that B.S.116 : 1952 (oil circuit-breakers 
for a.c. systems) recognises various conditions of system earthing in relation 
to circuit-breaker design (insulation co-ordination). They are: — 

(a) The condition where at least one of the neutral points of a 
three phase system is permanently earthed either solidly or 
through a resistor or reactor of low impedance. Such a system 
is considered to be effectively earthed if, during line to earth 
faults, the voltage to earth of the sound lines does not exceed 
80 per cent of the voltage between lines of the system. In 
general, this is only achieved when all transformer neutrals 
are solidly earthed. 

(b) The condition where at least one of the neutral points of a 
three phase system is earthed normally through an arc sup- 
pression coil. On such a system it is the intention that the 
majority of line to earth faults will be self-clearing without 
interruption to the supply. Where such faults are not self- 
clearing, three methods of system operation are recognised: 


uu 
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(i) Where the fault is automatically disconnected after a short 
delay (see page 703 and Fig. 20-4). 

(ii) Where non-automatic disconnection is used the faults 
are generally cleared quickly although they may be allowed 
to persist for several hours provided the total duration 
does not exceed 125 hours per annum with a maximum of 
8 hours in any 24. 

(iii) Where the faults are allowed to remain for a longer duration 
than in (ii) but not approaching continuous operation with 
one line earthed. 

(c) All neutral points of a three phase system are insulated from 
earth. 

(d) A single phase system with one line earthed. 

Standard circuit-breakers (particularly those for outdoor service) 
complying with B.S.116, are those for use on systems earthed as in (a), 
(b)(i), (b)(ii) and (d). Where the earthing conditions are as noted in (b)(iii) 
and (c), special consideration has to be given to the circuit-breaker and 
other insulation levels and for guidance in this respect, a study should be 
made of Appendix D, Section 2a in B.S.116 coupled with clauses 20, 41 
and 42. These latter also give details of the impulse voltage test values to 
be applied on outdoor circuit-breakers for service voltages of 22 kV and 
above, for effectively and non-effectively earthed systems. 

Regulations issued by the Electricity Commissioners prohibit multiple 
earthing except in special circumstances and then only with the consent of 
the Postmaster-General. This is due to the possibility of interference with 
communication circuits owing to the circulation of current between neutrals./ 
Whether or not such interference is possible may be controversial and those 
in favour of multiple earthing point out that its advantage is that _it prac- 
tically eliminates the danger of losing the earthed neutral, a danger which is 
always present when only one machine or transformer out of a bank is 
earthed and, for one reason or another, may be disconnected from the 
system. 

Single point earthing, on the other hand, also has its advantages. It 
permits earth-fault currents to be limited by the insertion of a sin^e im- 
pedance in the earth connection. It inaintains, thereby, constant impedance 
value in the earth connection irrespective of the number of connected 
machines or transformers, or, when no external impedance is employed, 
limits the value of earth current to that which can be fed from one machine 
or transformer. 

Solid earthing is normal practice in Great Britain for systems in excess 
of 33^kV and is, in general, the method fidopted on low- voltage systems. 
At the higher voltages, however, it can result in very heavy currents flowing 
to earth, values being comparable in magnitude with those for interphase 
faults. Because on overhead systems the majority of faults are earth-faults, 
heavy currents may be a severe shock to the system if faults are frequent 
and, therefore, there is an argument for the introduction of some form of 
limiting resistance to reduce the fault current to a value necessary only for 
the operation of the protective gear. 
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On medium-voltage systems, e.g. 400 volts^ external resistance is^ un- 
necessary. Here, the voltage available to cause the flow of earth-fault current 
is only 230 volts, and the fact that the earth resistance at the earth plate 
may as high as i ohm (in some cases more) indicates that the earth-fault 
current will be of the order of 230 amperes. If higher values than 1 ohm 
arise, it is clear that restriction of earth current arises, sufficient, maybe, 
to make operation of protective gear difficult. 

For systems between the limits of voltage noted al^ve, the use x>f current 
limiting devices in the neutral connection to earth is the rule. In British 
practice a resistor, cither of the grid or liquid type, is favoured. On the 
Continent, reactance earthing is often used, the advantage claimed being 
that for corresponding ohmic values, the reactor is of smaller bulk than the 
resistor. No standard ohmic values for such devices exist but, in general, it 
is common practice to fix a value which will limit the earth current to the 
full-load rating of the largest generator or transformer or, alternatively, to 
about twice the normal current of the largest feeder. 

On this basis, it is usual, with commercial current transformers and 
earth- fault relays, to protect up to 80/85% of machine or transformer 
winding, the relay setting being 20/15%. Lower values are possible but 
stability may be thereby sacrificed due to the possibility of unwanted 
tripping by spill currents when heavy through faults occur. In any event, 
earth- faults in the windings at points less than 15 or 20 per cent of the total 
winding length from the neutral are rare because the potentials above earth 
at such points are only these percentages of the full line to neutral voltage. 

Assuming that it is agreed to limit the fault current to earth to a value 
equal to the full-load current of the largest machine or transfomier, the 
value of impedance to be inserted in the neutral connection to earth is 



where R= neutral impedance in ohms 
V= line/neutral voltage 
I = full-load current of largest machine or 
transformer in amperes. 

If a relay setting of 20 per cent is chosen, this then affords protection 
to 80 per cent of the windings on the largest machine, while a greater 
percentage of the windings of smaller machines running in parallel will be 
protected. If, at some later date, a still larger machine is added, it may be 
necessary to take steps to reduce the ohmic value of impedance in order to 
get maximum winding protection of the larger machine. To determine 
the percentage of winding unprotected on any machine, the following 
expression is used: — 

% of winding unprotected = — * ^ - 

where R= ohmic value of impedance 

I = minimum relay operating current 
V— line/neutral voltage 

and noting that if a 20 per cent relay se^ng is used then I is 20 per cent of 
the full-load current of the machine being checked. 



700 


THE J. & P. SWITCHGEAR BOOK 


The problem of neutral point earthing of transformers may be resolved 
into two parts — h.v. and l.v. That of h.v. earthing is little different to that 
of generators, to provide the same degree of protection. That of l.v. has 
the added and important feature that it reduces somewhat the danger to 
life in that it prevents any voltage above normal appearing on the l.v. 
winding, an important matter in domestic and industrial applications. 

The importance of a low value of earth resistance in low-voltage systems 
has already been mentioned. In the 9th Edition of J. & P. Transformer 
Book, the following expression is given: — 

V2 

Zn“ “rxTA ohms 

n.kVA.iooo 

where Zn — impedance in neutral in ohms 
V~line voltage 
kVA— rating of transformer 

n= neutral short-circuit current in terms of full-load 
line current. 


Taking as an example a 2 000 kVA transformer with an earth- fault relay 
set at 40 per cent then, with respect to the 400 volt side, 

--- 0-2 ohms. 


0*4 2 000. 1 000 
This can be checked very simply as follows. 

By symmetrical component theory (see Chapter IV) the zero phase 
sequence impedance is 

3R+j Xo 

where R= resistance 


Xo— zero phase sequence reactance. 

I Assuming for the moment that Xo is sufficiently 
then: — 


Earth-fault current = 


where E - line/neutral volts 
3 •231 
3. 0*2 


3E 

3R 


small to be ignored, 


/ The full-load current of the 2 000 kVA transformer at 400 volts is 2 890 
amps and with a relay setting of 40 pe 3 r cent, the operating current is 
40/100.2 890 — 1 155 amps. 

It can be shown that when there are a number of machines operating in 
parallel, the value of earth-fault current varies with the number of machines 
operating at any one time. 

This can be demonstrated by symmetrical component theory (see 
Chapter IV). Here we have: — 

Zi= positive phase sequence impedance 
Z2= negative phase sequence impedance 


Zo=zero phase sequence impedance. 
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For the purpose of demonstration assume t^t there are six alternators 
all equal in output and characteristics, and that arrangements exist whereby 
only one machine may be earthed at a time. The impedances of each 
machine may well be: — 

Zi=2o per cent 
Z2 =i 4*6 per cent 
Zo= 6*4 per cent. 

Taking the case first where only one machine is operating, and assuming 
zero resistance in the neutral connection, then: — 


Fault current -- 


3E 


Z1+Z2+Z0 

3E 


r7-32E 


o-2+o*I46+o-o64 
Now let us assume that all six machines are operating in parallel but 
that only one is earthed, then: — 

3E 


Fault current = 




= 24-4E 


+ 0*064 


SO that in the latter case the fault current is more than 3 times that of 
the first case i.e, in the ratio 24*4 : 7*32. 

It will be noted that in the foregoing, zero resistance has been assumed 
in the neutral connection. If there is resistance at this point, it may be that 
its value is so high in relation to the reactance that it is the resistance which 
determines the value of fault current. For example, assume we have two 
2 000 kVA transformers which may operate singly or in parallel and that the 
resistance in the earth connection is 2 ohms. Keeping in mind that this 
value is in series with each line (i.e. 3R has to be included in the expression 
for zero phase sequence impedance) we can assume that for each trans- 
former: — 

Zi==o+j 0*009 
Z2=o+j 0*009 
Zo=6+j 0*009 

When one transformer is operating alone, the total impedance to the 
fault is 

Z (total)=6+j 0*027 ohms. 

Where two transformers are operating in parallel, the total impedance 
will be 

Zi==o+j 0*0045 
Z2==o+j 0*0045 
Zo==6+j 0*009 
Z (total)— 6+j o*oi8 ohms 

and, if calculated, it will be found that there is little difference between the 
two, the resistance value being so large as to swamp the reactance, so that 
for practical purposes the value of resistance only may be used. 
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On systems with an insulated neutral, a fault to earth does not consti^te 
a short-circuit and it may be argued that disconnection is unnecessary. The 
only current flowing is the capacitance current of the healthy pha^s, the 
condition being indicated in Fig. 20-1. In the case of overhead lines, this 
current may be so small as to render automatic isolation by protective means 
difficult if not impossible. Such a fault has the effect of raising the voltage 
of the two healthy lines above the normal to earth and may result in insulation 
breakdown. Furthermore, it is an unstable condition which may lead to 
arcing grounds at supporting insulators, causing transient surge voltages to 
travel in both directions along the line, which may bring about further 
failure at line insulators or terminal apparatus. By the use of an arc 
suppression coil as a means of earthing, the danger of arcing grounds is 
eliminated and under certain conditions the system can be left in service 
with one line to ground until it is convenient to disconnect and effect repair. 

In the condition shown at Fig. 20-1, the capacitance current will lead 
the voltage of the faulty phase by nearly 90 degrees. It follows that if an 
inductance of appropriate value is connected in parallel with the capaci- 
tances, the current in the fault will be either very considerably reduced or 
cancelled out. The diagram now becomes that shown in Figs. 20-2 and 20-3, 
and the initial arc at the fault is immediately extinguished and does not 
restrike. 

It has been stated that the inductance of the coil cancels out the capaci- 
tance current. This implies a condition whereby the inductance of the coil 
must be related to the capacitance of the system and therefore the coil must 
have an inductance of 

L= henries 

3.ai*.C 

where G== capacitance to earth in farads of each phase 
w=^2'rTf 

/= frequency in cycles per second. 

This leads to some difficulty when, due to varying operational conditions, 
the capacitance of the network varies from time to time. It can be overcome, 
however, by using a tapped coil, the appropriate tapping being selected for 
each change in network conditions. 

The condition of being able to allow an earth- fault to persist, therefore, 
involves the use of a continuously rated coil for the maximum earth-fault 
current which can pass and this is readily achieved. There is still the 
danger, however, that a second earth-fault might occur on another line 
which gives the condition of an interphase fault. To avoid this risk a 
circuit-breaker may be connected in parallel with the suppression coil, so 
arranged that the breaker is normally open. After an earth-fault has 
persisted for a predetermined time, a relay operates to close the circuit- 
breaker automatically, thus short-circuiting the suppression coil and allowing 
sufficient uncompensated current to flow for the operation of the protective 
gear. This scheme is illustrated in Fig. 20-4 and it may be noted that, if 
necessary, a resistance may be inserted in series with the circuit-breaker, as 
shown by the broken lines. 

If arc suppression coils are to be used on a system it is important that 
knowledge of this fact and how they are to operate (see pages 697/8) be made 
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Fig. 20-4. 



CHANGE-OVER ISOLATORS 


Fig. 20-5. 

known to the switchgear manufacturer in order that the latter may offer 
apparatus of adequate insulation level. 

In order to ensure that only one neutral point is earthed where a number 
of machines or transformers operate in parallel, a series of double throw 
isolators, connected as shown in Fig. 20-5, can be installed. A very desirable 
feature is an oil circuit-breaker in the neutral connection which can be 
opened before an isolator and closed after an isolator. The difficulty with 
the single circuit-breaker is that it can be given no maintenance unless the 
neutral is isolated. Duplicate circuit-breakers have been installed on some 
systems to overcome this difficulty. Alternatively, a circuit-breaker can be 
connected in each machine neutrad before connection to the common earth 
bar, with interlocks between breakers which will prevent multiple earthing. 
Circuit-breakers in the neutral connection should have a rated service- 
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voltage equal to the phase voltage of the three phase system to which it is 
connected, and should be capable of interrupting the fault current wnidi 
can flow to earth. 

The earth connection proper should receive full consideration, particu- 
larly at low- voltages where a low value of resistance is essential if reasonable 
protective relay settings are to be obtained. Common practice is to bury 
several earth plates or pipes in parallel order to obtain low resistance 
values. The cross-section of earth leads must be such as to carry the 
maximum fault current for the period of time determined by the protective 
gear. Earth plates, if used, may be copper or cast-iron, from three to six 
feet square and they should be buried in an upright position with charcoal 
or crushed coke to a thickness of about a foot or more. The strip connection 
to the plate or plates should be riveted, or preferably welded, and not 
soldered, and should be of the same metal to avoid electrolysis. When 
pipes are used, these should be six to eight feet long and buried as deep as 
possible; they can be driven quite easily by electric or pneumatic hammers 
specially designed for the purpose. 

A low resistance is essential to keep down the potential gradient in the 
earth surrounding the plates or pipes under fault conditions. Most of the 
resistance exists in the immediate vicinity of the plates or pipes. Regular 
checking of the earth contact resistance is essential. It is by no means 
constant and alters with the amount of moisture in the soil and is therefore 
subject to seasonal variations. 

At this point it is of interest to note the existence of a very high-speed 
ammeter developed by Messrs. Everett Edgeumbe & Co. Ltd., which, 
connected in the neutral via a suitable current transformer, acts as a ground 
fault detector. The instrument, shown in Fig. 20-6, has a high-speed 
rectifier-operated moving coil movement and, when operating, the pointer 
is driven to the point of maximum current in 5 cycles (o*i sec.), at which 



Fig. 20-6. — High-speed ammeter 
{Everett Edgeumbe & Co, Ltd,) 
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point it is held by a ma^etic clutch until reset by hand. Damping is such 
that there is no overswing. On interconnected systems an instrument of 
this t5^e installed at each system neutral provides a series of readings on 
the occurrence of a ground fault, thus showing the distribution of fault 
current. From this a close approximation can be determined as to the 
location of the fault. 

The connections for this instrument are shown in Fig. 20-7. Normal 
full scale deflection is at 5 or 10 amperes but the sensitivity can be increased 
to give full scale deflection at 0*5 or i -o amperes by operating the press key. 



Fig. 20-7. — Connections for high-speed ammeter in neutral 
(Everett Edgcumbe & Co. Ltd.). 

Incidentally, it may be noted that this instrument (connected one in each 
line) is of value in short-circuit testing (see chapter V) as it enables immediate 
readings of the short-circuit current to be made without waiting while 
oscillograph records are scaled. 

It was noted earlier that on systems with a free neutral, one line may be 
down to earth with the two healthy lines continuing in service. Such a 
condition may not always be desirable, at least if allowed to persist for any 
length of time, and Messrs. Everett Edgcumbe & Co. Ltd., have produced 
a protective system which provides an artificial neutral point through three 
star-connected condensers and a protective relay system comprising a fault 
detector unit, a moving coil operating relay and a time delay unit. The 
system used is shown in Fig. 20-8 and operationally there will be no voltage 
between the star point and earth when conditions are normal but when a 
line to earth fault occurs, the artificial neutral will be displaced and a voltage 
appear between the star point and earth, a voltage which is utilised to operate 
the relay system. If the neutral of the transformer star winding is available 
but not earthed, the system can be applied using one condenser only connected 
in the star point as shown inset in Fig. 20-8. To ensure that the system does 
not cause unnecessary operation on transient faults, the time delay relay 
is provided with adjustable settings up to 20 seconds. 

A useful feature of this system is the provision of a magnetic counter 
to register the number of faults detected and means for testing the apparatus 
(other thjEui the condensers) by producing an artificial fault. In areas subject 
to lightning or other causes of surge voltage, a spark gap can be fitted across 



NEUTRAL POINT EARTHING 


707 



Fig. 20-8. — Neutral voltage displacement protective system 
(Everett Edgcumbe & Co. Ltd.). 


the earthy end of each condenser and earth, the gap being set to break down 
at approximately 700 volts. By this means the relay system is protected 
against high-voltage surges. 

Note. — The reader is referred to the J. & P. Transformer Book for details 
of earthing by neutral compensator on systems where a neutral is not available. 
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SURGE PROTECTION 

4 ; Overvoltages which appear on electrical systems can be broadly 
described as internal or external. In more detail they are as follows: — 

Internal overvoltages. These originate in the system itself and may be 
transient, dynamic or stationary. Those of a transient nature will have 
a frequency unrelated to the normal system frequency and will persist 
for a few cycles only. 

They can be caused by the operation of circuit-breakers when switching 
inductive or capacitive loads, ‘'current chopping'* when interrupting very 
small currents (see Chapter II) or by the sudden earthing of one phase of 
a system operating with an insulated neutral. 

Dynamic overvoltages occur at normal system frequency and persist 
only for a few seconds. They may be caused, for example, by the dis- 
connection of a generator which overspeeds, or when a large part of the 
load is suddenly removed. 

Stationary overvoltages also occur at system frequency but they may 
persist for some time, perhaps hours. Such a condition can arise when 
an earth-fault on one line is sustained, as indeed it may intentionally be 
when the neutral is earthed through an arc-suppression coil as described 
in Chapter XX, thereby leading to overvoltages on the sound phases. 

Overvoltages as described above rarely exceed three to five times the 
normal phase to neutral peak voltage of the system and subject to apparatus 
having an adequate insulation level, should be relatively harmless. 

External overvoltages. These overvoltages are produced by atmospheric 
discharges such as static charges or lightning strokes and are therefore 
not related to the system. They are often of such magnitude as to cause 
considerable stress on the insulation and, in the case of lightning, will 
vary in intensity depending on how directly the line is struck, i.e. directly 
by the main discharge, directly by a branch or streamer, or by induction 
due to a flash passing near to but not touching the line. 

Switchgear specifications describe two classifications for an installation 
namely one which is “electrically exposed** resulting in the apparatus being 
subject to overvoltages of atmospheric origin, and another which is “elec- 
trically non-exposed** and therefore not subject to this type of overvoltage. 
The first of these is generally recognised as an installation connected directly 
to overhead transmission Unes, e.g. outdoor switchgear or transformers 
but it can apply to indoor gear connected to overhead lines via outdoor 
to indoor through bushings (see Fig. 8-19 Chapter VIII) or by a short 
length of cable. The second classification is one usually associated with 
underground cable networks and the switchgear will normally be of the 
indoor type. 
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Because of the stresses due to external overvoltages, it is now required 
that certain switchgear and transformers shall be impulse tested, and this is 
the case for circuit-breakers of the outdoor type for service voltages of 22 kV 
and above (see Clause 41 B.S. 116:1952). It is also intimated that suitable 
protective devices be installed to ensure that the amplitude of the surges 
imposed on the terminals of outdoor apparatus is limited to a value not 
exceeding 80 per cent of the impulse test level. 

These precautions may also be necessary to protect indoor gear when, 
as indicated earlier, this is associated with overhead transmission.^ 

The purpose of this chapter is to consider in outline the nature of surges 
due to lightning and the function and features of diverter design. 

(A surge is the movement of a charge that is suddenly released in a 
conductor and which travels along that conductor in the form of a wave. 
The potential of a conductor being a measure of charge density, it follows 
that the potential wave must be accompanied by a current wave. The shape 
of the voltage wave is affected by a number of factors, such as inductance 
and capacitance. Thus, on a line where the impedance is purely inductive, 
the front of the wave would be almost vertical, while if the impedance is 
purely capacitive then the wave front would slope steeply away from the 
vertical. From this it is clear that the wave-shape is affected by the relation 
between the L and C values, this relationship being expressed as the surge 
impedance, 

Z = a/L/C" 

where Z = Surge impedance in ohms 
L = Inductance in henries 
C == Capacitance in farads 

As the wave travels along the line its front is modified by the inductance 
of the line and the distributed capacitances to earth. It may be further 
modified by the capacitances of bushings, insulators, etc., which the wave 
encounters on its journey, thus reducing the steepness of the wave-front. 

A further point has also to be considered, namely that when the travelling 
wave reaches a point where there is a change in surge impedance of the line, 
reflection of the wave will occur, reflection being whole or partial depending 
on the amount of change in surge impedance. In the case, for example, of an 
open-ended feeder, the change in surge impedance is infinite and a travelling 
wave would be totally reflected, with the result that the pressure would be 
practically doubled at the point of reflection due to the front of the wave 
being reversed and adding itself to the remainder of the wave still travelling 
forward; the duration of doubled value will depend on the length of the 
wave-tail. In other cases, such as one where an overhead line is joined to an 
underground cable, the change in surge impedance is not infinite and the 
reflection will depend on the relative values of the impedances of the over- 
head line and the cable. 

It is clear that surges when travelling along a line will, at some point 
reach terminal apparatus such as cable boxes, transformers or switchgear, 
and, unless some means is provided to release the surge, there is a danger of a 
breakdown of the insulation of the terminal apparatus, unless the insulation 
level of the latter is high enough to be invulnerable. On smaller systems 
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this could be an expensive solution and, dierefo^^, it becomes necessary to 
install lightning arrestors or surge diverters? 

SURGE DIVERTERS 

tAt one time, the usual practice was to put choke coils in the line, coupled 
with horn gaps connected between line and earth. This apparatus provides 
some protection but in fact, could add to the dangerous conditions by 
reflecting the surge wave and permitting considerable power current to 
flow to earth following discharge. To be really effective a surge diverter 
should reduce the surge voltage crest and at the same time absorb the tran< 
sient energy to an extent sufficient to prevent reflection. 

Two characteristics arc essential : — 

(1) The surge voltage appearing at the diverter terminals must be 
limited to a value which will safeguard the insulation of terminal 
apparatus. 

(2) The diverter must, after discharge, cease to carry current, i.e. it 
must become an insulator again. 

Diverters of this type may be correctly described as * Valve arrestors", 
the characteristics being those of a "safety valve", which is normally closed 
but opens in the event of dangerous overvoltage, and, after relieving the 
system of these voltages, closes again. After operation, the diverter must be 
in a condition to accept and deal with ensuing surges, i.e. there must be no 
failure of the diverter itself. 

In practice, diverters which provide these features comprise one or more 
air gaps mounted in series with non-linear resistors, the function of the air 
gaps being to keep the circuit through the arrestor to earth open under all 
normal power frequency conditions, but to flash over and close the circuit 
when abnormal voltages appear at the diverter terminals. 

The non-linear resistances must absorb surge energy and in conjunction 
with the air gaps suppress the flow of power current. These resistances have 
the important characteristic that the resistance value decreases very rapidly 
as the current through the material increases. 

It follows that they can carry very large currents without the voltage drop 
across them rising to an excessive value. The residual voltage across the 
diverter therefore remains low, thus limiting the voltage on the line to a 
value which will not damage the system insulation. As soon as the surge has 
been discharged the voltage across the diverter tends to fall and the current 
therefore to decrease. The resistance of the resistor then begins to increase, 
and the flow of power current due to the system voltage is then reduced, and 
within a short time (usually less than one half-cycle of system frequency), is 
sufficiently reduced to be interrupted by the spark gaps as the system voltage 
passes through zero. At this point, the diverter resumes its normal non- 
conducting condition and is ready for further operation. 

The successive stages of diverter operation, are shown diagrammatically 
in Fig. 2 1 - 1 . At (a) we note the front of a surge wave approaching the diverter 
which may be assumed to be protecting terminal apparatus not shown, 
but connected to the line to the left of the diverter. At (6) the surge has 
reached the diverter and, in about 0*25 microsecond, the voltage has reached 
a value sufficient to break down the spark gaps and, as shown at (c), suxm 
current flows to earth. As the crest of the surge approaches the point of me 
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'^IG. 2I-I. 

Stages of surge diverter operation. 


line at which the diverter is connected, so the voltage applied increases and, 
just as rapidly, the resistance of the element decreases, thus permitting 
further surge energy to discharge and so limiting the voltage impressed on 
the terminal apparatus to a safe value — as indicated by the lower value of 
voltage beyond the diverter line connection. At (d) the crest of the wave 
is shown passing the terminal point and, at (e), the tail of the wave is shown 
approaching. At this stage the voltage is decreasing and, in consequence, 
the current to earth decreases while the resistance increases, reaching a 
stage when the current flow is interrupted by the spark gaps and thus 
''sealing'' the diverter as shown at (/). The whole of this operation takes 
place in a matter of microseconds and, in a typical case shown in Fig. 21-2 
in 30 microseconds]! 
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Fig. 21-2. 

Typical oscillogram of surge diverter operation. 

This oscillogram depicts the operation of a 3 kV diverter with an average 
rate of voltage rise at the beginning of arrestor discharge of 50 kV per 
microsecond and the average rate of current rise, after the beginning of the 
discharge, of 150 amperes per microsecond to a crest of i 520 amperes. 

This steepness of wave-front is typical of lightning surges and in the 
wave-front impulse sparkover test in 6.8.2914:1957 (Surge Diverters) it 
is laid down that the steepness must comply with values listed in Table 4 
of that specification and which vary according to the rated diverter voltage, 
e.g. 17 kV per microsecond for a 1*25 kV diverter to i 200 kV per micro- 
second for a 245 kV diverter. 

This standard specification provides for a number of type tests which 
must be made as follows: — 

Test No. I. 1/50 impulse sparkover test. 

, „ 2. Wave-front impulse sparkover test (mentioned above), 

, ,,3. Peak discharge residual voltage at low current, 

, ,,4. Peak discharge residual voltage at rated diverter current. 

» M 5- Operating duty test. 

, ,, 6. Impulse current withstand test. 

For test No. i. it is noted that this is described as 1/50 impulse sparkover 
test. The significance of the term 1/50 is that it denotes both the steepness 
of the wave-front and the decline of the wave- tail to a value equal to one-half 
the peak value and both figures are in microseconds. This is perhaps better 
understood by studying Fig, 21-3 which shows how, in the left hamd wave 
form the front reaches its peak voltage (100 kV) in i microsecond and the tail 
has fallen to 50 kV, i.e. one half of the peak value in 50 microseconds. In 
the right hand curve the tail falls to 50 kV in 20 microseconds and is therefore 
designated a 1/20 wave. 

For tests Nos. 4 and 5 a current waye of 8/20 microseconds has to be 
passed, indicating a tail of just over twice the duration of the front. In 
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Fig. 21-3 . — Typical impulse wave forms 

test No. 6, rectangular current impulses * of a magnitude dependent on the 
rated diverter current must be passed 20 times and the maximum current 
has to be maintained for a period of time which is again related to the rated 
diverter current. 

Full details of all the tests are given in 8.8.2914:1957, and examples of 
oscillographic records on representative surge diverters will be noted later. 

(Surge diverters are rated in terms of voltage and current, the rated 
diverter voltage being the highest r.m.s. value of power frequency voltage, 
measured between the line and earth terminals of the diverter, at which the 
diverter is designed to work continuously, while the rated diverter current 
is that value of impulse current used in test Nos. 4 and 5 and can be one of 
four standard ratings. 

To select a surge diverter of suitable voltage rating for a given system 
voltage will require a knowledge of the system earthing condition, i.e. 
whether “effectively earthed^ or “non-effectively earthed^ as defined in 
many British Standards. To be “effectively earthed'* all transformer star- 
connected windings should have their neutrals solidly earthed direct i.e., 
a multiple earthed system and for this condition the line to earth voltage will 
not exceed 80 per cent of the highest system voltagef. A “non-effectively 
earthed" system on the other hand includes those with a limited number 
of solidly earthed neutrals and those earthed through a resistor or reactor 
of low impedance or an arc suppression coil, and here the line to earth voltage 
under fault conditions will be greater than 80 per cent but will not exceed 
100 per cent of the highest system voltage (no per cent of nominal). 

On unearthed systems it is possible for line to earth voltages higher than 
100 per cent of the highest system voltage to appear but it is usual practice 
to assume that this is an abnormal condition and select a diverter on the 
100 per cent basis. It is a choice between risking a diverter failure or going 
to the next higher rating with a substantially reduced degree of protection.'i 

* B.S. 2914 defines a rectangular impulse wave as a unidirectional wave of voltage or current 
which rises rapidly to a maximum valuet remains substantially constant for a specified period 
and then falls rapidly to zero. See Fig. 21 — 14 for example. 

tB.S. 77 defines the highest system voltage line-to-line as a value which may be 10 per cent 
higher than the nominal line-to-line voltage. 
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As an example of rated diverter voltage selection, it may be assumed that 
it is required to choose suitable diverters for 6*6 and 1 1 *0 kV systems, under 
the alternative conditions ‘'effectively earthed'' and “non-effectively 
earthed", noting that a choice will lie between four standard ratings from 
Table 4, B.S. 2914:1957. namely 5*9, 7*3, io*o and 12*5 kV rated diverter 
voltages. The determination would be as follows: - 

6*6 kV (nominal) system 

(a) 110% of nominal = 7*26 kV — ^non-effectively earthed 

(b) 80% of (a) = 5 *81 kV — effectively earthed 

For (a) therefore a diverter rated 7*3 kV will be required, whereas for 
(b) the lower rating of 5 *9 kV will suffice. 

II feV (nominal) system 

(a) 110% of nominal =12*1 kV — non-effectively earthed 

(b) 80% of (a) = 9*68 kV — effectively earthed 

For (a) therefore a diverter rated 12*5 kV will be required, wheareas for 
(b) one rated at 10 kV will suffice. 

^There are four standard diverter current ratings, 10,000 5,000 2,500 and 
1,500 amperes, and these represent the values of impulse current used in 
tests 4 and 5. In 8.8.2914:1957 it is recommended that these alternative 
current ratings should be employed as follows: — 

(1) 10000 amperes rating (station type) for the protection of major 
power stations and substations in which the frequency of occurrence 
of lightning strokes to earth is known to be high. For systems having 
a normal system voltage greater than 66 kV, they are used exclusively*. 

(2) 5 000 ampere rating (line or intermediate type) for the protection of 
other power stations and large substations on systems where the voltage 
does not exceed 66 kV.* 

(3) 2 500 ampere rating (rural or secondary type) for the protection of 
small substations where higher current ratings are not economically 
justified. This rating is not used on systems above 22 kV. 

(4) I 500 ampere rating (rural or secondary type) for the protection of 
rural distribution systems where diverters are installed at frequent 
intervals to protect small transformers. When B.S.2914 was prepared 
in 1957, this rating was limited to systems up to and including 22 kV 
but it is now ayailable for systems up to 33kV and is used extensively 
at this voltage.^ 

These values of current are those required by test No. 5. to be applied 
30 times in succession without damage to the diverter, whilst subjected to 
its rated voltage. For a limited number of operations however, most 
diverters will pass, without damage, currents considerably in excess of the 
rated value and in the published literature of manufacturers withstand 
currents of 65 000 to 100000 peak amperes (5/10 microsecond wave) are 
noted usually for two successive applications. It is of interest to note that the 
General Electric Company state in their literature that based on measure- 
ments of currents flowing in surge diverters in service on rural unshielded 

* These two statements are tn accord with B.S, 2914:1957 hut xt is understood that 5000 
ampere diverters are now becoming available for system voltages up to 132 kV. 
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F1G.21-4. — Surge diverter rated at 660 volts 
{The General Electric Co. Ltd.) 



3/2” 


1. EXHAUSTING HOLE— SOLDERED. 

2. BRASS TERMINAL STUD. 

3. COPPER CAP SPUN ON BODY 

4. RUBBER SEALING WASHER. 

5. SPRING CENTRALISING DISC. 

6. COMPRESSION SPRING 

7. PORCELAIN BODY. 

8. NON-LINEAR RESISTOR. 


9. CONTACT PLATE. 

10. RUBBER SEALING WASHER. 

11. BRASS TERMINAL STUD. 

12. BRASS WASHER AND LABEL. 

13. CONNECTION STEM. 

14. MICA WASHER. 

15. SPARK GAP DISC. 

16. SEALING WASHER. 


Fig. 21-5 . — Sectional view of low-voltage surge diverter. 
(The General Electric Co. Ltd.). 
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lines, only 0-5 per cent showed discharges in excess of 30000 antperes 
and that the great majority were in the range of 200 — 4000 amperes. 
Elsewhere it has been stated that in Great Britain, at least 90% of all currents 
as they flow in diverters, are in the order of i 000 amperes or less. High 
withstand current tests are not included in B.S.2914 but do appear in 
American and I.E.C. standards. 

Surge diverters of the type described are available for all system voltages 
from 300 volts to 345 kV and typical of one for use on low voltage systems 
is the 660 volt diverter by the General Electric Company shown in Figs 
21-4 and 21-5. 

T3^ical of diverters in the i 500 ampere (rated discharge current) 
class and available for systems voltages up to 33 kV is that shown in Fig. 21-6. 



1 . EXHAUSTING HOLE. PLUGGED 
AND SOLDERED. 

2. RUBBER SEALING WASHER. 

3. SPACING DISC. 

4. COPPER CAP SPUN ON BODY 

5. COMPRESSION SPRING. 

6. COPPER SHUNTS. 

7. SPARK GAP SPACER. 

8. SPARK GAP DISC. 

9. CONTACT PLATE. 

10. NON-LINEAR RESISTOR. 

11. PORCELAIN BODY. 

12. RUBBER WASHER. 

13. BRASS TERMINAL STUD. 

14. HOLE IN PORCELAIN. SEALED 
WITH COMPOUND. 

15. SEALING WASHER 

16. BRASS WASHER. 

17. COPPER STUD. 

18. EARTH CONNECTION. 

19. ADJUSTABLE LINE 
CONNECTING CLAMP. 

20. LUG FOR LINE SUSPENSION 
CLAMP. 

21. GUNMETAL CAP. 

22. KEENS CEMENT. 

23. PORTLAND CEMENT. 


Fig. 21-6 . — Sectional view of surge diverter for system voltages up to 33 feV 
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Designs for diverters rated at 2 500 amperes Tor rated diverter voltages 
of 5*9 kV and lo kV respectively would be generally as shown in Fig. 21-7. 

In this illustration, as in Fig. 21-6, will be seen the spark-gap components 
and the non-linear resistors forming the series circuit between une and earth, 
and all maintained in contact under pressure by the relatively large com- 
pression spring. The external appearance of the 10 kV diverter is indicated 
in Fig, 21-8. 

On page 715 reference has been made to the tests detailed in B.S.2914: 
1957 with which surge diverters must comply. Oscillographic records of 
some of these tests are reproduced in Fig. 21-9 to 21-14, these being 
facsimile reproductions from K.E.M.A. Report No. 2642-60 for research 
tests on diverters similar to the designs shown in Fig. 21-7. 



Fig 21-8. — External view of 10 kV 2 500 ampere surge diverter. 
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APPLIED 1/60/ tx SEC IMPULSE VOLTAGE WAVE. TIME 
CALIBRATION ISO kC/S. 


Fig. 21-9. — 1/60 microsecond impulse sparkover test. 


6 k V 


WAVE-FRONT IMPULSE SPARKOVER OSCILLOGRAM OF 10 kV 
R.M.S. DIVERTER. NOMINAL STfccPNtSS 83 kV/#z SEC TIME 
CALIBRATION 1000 kC/S. 



WAVE-FRONT IMPULSE SPARKOVER OSCILLOGRAM OF 5-9 kV 
R.M.S. DIVERTER. NOMINAL STEEPNESS 49 kV/M SEC 

Fig. 21-10. — W'ave-front impulse sparkover test^. 
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PEAK DISCHARGE RESIDUAL VOLTAGE AT LOW CURRENT OF THE 
10 kV R.M.S. DIVERTER. 



PEAK DISCHARGE RESIDUAL VOLTAGE AT LOW CURRENT OF THE 
4 0 kV. R. R.M.S. DIVERTER. 

Fig. 2I-II . — Peak discharge residual voltage tests at low current. 




TIME CALIBRATION 2S0 kc/s. 
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TIME CALIBRATION 10 kc/s. 
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Fig. 2I'15. — Earth disconnect device graded to discriminate with 10 ampere 
quick acting expulsion fuses. {EMP Electric Ltd.). 
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PRESSURE RELIEF DIAPHRAGM 


, LOCKED COMPRESSION 
MULTI-‘0*.RING SEALING 


GRADING RESISTORS 
ELECTRODES 



CERAMIC GAP SPACER 
PORCELAIN HOUSING 
VALVE RESISTOR 


CONTROL SYSTEM FOR VOLTAGE 
AND ARC DISTRIBUTION 
IN SPARK GAP 


Fig. 21 -i6. — Cross-section of unit stack in loooo ampere surge diverter, 
(EMP Electric Ltd,). 

In the 5 ooo ampere class of diverter, EMP Electric Ltd., have produced 
a design which includes system voltage ratings from 6oo volts to 33 kV 
for effectively earthed systems and 440 volts to 18 kV for non-effectively 
earthed systems. Bracket mounted diverters include an earth disconnect 
device designed so that if a divertor failure should occur the earth lead 
is ejected to disconnect the arrester before damage can occur. 

This arrangement has been designed in its standard form to discriminate 
with line expulsion type fuses of 25 amperes or above but where service 
continuity is to .be ensured with smaller expulsion type line fuses, e.g. 10 
amperes quick acting, a graded disconnect can be provided as shown in 
Fig. 21-15 which will disconnect a damaged diverter before the line fuses 
melt. 

This same manufacturer has a range of 10 000 ampere class diverters 
for a wide range of system voltages extending up to 400 kV. At the higher 
voltages, each diverter comprises a number of stacks in series and up to 4 
stacks may be used in a single column up to about 300 kV. For higher 
voltages the assembly will comprise two colunms of multiple stacks. 

Fig. 21-16 is typical of a stack as used and here it will be noted that 
valve resistors are placed top, bottom and central with two intervening 
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Fig. 21-17. — Multi-unit station type surge diverter, 121 feV line to ground 
rating, at Stella Power Station 132 kV substation, (EMP Electric Ltd,), 
{Photograph by courtesy of the C,E.G.B,, N,E, Division and Messrs, 
Merz & McLellan Consulting Engineers). 


ww 



730 


THE J & P SWITCHGEAR BOOK 



Fig 2I-i8 — Multi-umt station type surge diverter, 145 feV rating 
{EMP Electric Ltd ) 
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SURGE COUNTERS 

It is not easy to assess the functioning of surge diverters as there is 
nothing to indicate operation or otherwise. There are however devices 
available known as surge counters which, when inserted in the earth lead 
of the diverter, will record each operation on a counter or on a paper disc. 



Fig. 21-20. — Typical circuit arrangement of surge diverters and counter. 

(The General Electric Co. Ltd.). 

One such device is that shown in Fig. 2i-i9> the diagram of the circuit 
arrangement being that shown in Fig. 21-20. 

The non-linear resistor in this arrangement has a high surge current 
rating while the capacitor has a surge voltage strength well in excess of the 
maximum voltage developed across the resistor when the associated diverter 
is discharging the heaviest surge current. The operating coil will also 
withstand this voltage. 

The cyclometer dial counter seen in Fig 21-20 is visible through a window 
in the cover which has been removed in this illustration. 

The operation of this counter is such that when an excessive over- 
voltage occurs on the line causing the diverter to operate, the surge is dis- 
charged to earth through the surge counter. A small part of the energy 
thus discharged is used to charge the capacitor which in turn discharges 
through the operating coil of the counter to register the occurrence. 

The voltage-dependent property of the non-linear resistor limits the 
maximum voltage which is developed across the capacitor and coil and 
presents a high leakage resistance in parallel with the coil during the dis- 
charge period. A test socket permits the counter mechanism to be tested 
by means of an exterior source of supply, a 60 volt dry battery being suitable 
for the purpose. The base of each diverter must be insulated from earth to 
withstand about 3 kV peak. 
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In another device a paper disc is revolved, after the manner of a chart 
recorder, in a spark gap which is in the earth lead of the surge diverter. The 
construction is shown in Fig. 21-21 from which it will be seen that the paper 
disc is driven by a small synchronous motor which is connected to any 
convenient l.v., a.c. supply. The disc has an appropriately divided scale of 
days and hours and makes one revolution per week. 

When the surge diverter operates, the spark gap flashes over and a hole 
is punctured in the paper disc. The size of the hole will be approximately 
related to the magnitude of the surge and its position will indicate the time 
and on what day it occurred. 


INSULATED KNOB 
FOR RECORDER TYPE SC8 
TO PROVIDE FOR HAND 
ROTATION OF THE 
RECORDING DISC 



MOUNTING LUGS PROVIDE 
4 HOLES FOR § DIA BOLTS, 
EQUALLY SPACED 
ONSi'PC OIA 



INCOMING 'LIVE' CABLE 
PVC INSULATED AND 
SLEEVED FOR OUTDOOR 
USE -CONNECTION TO 
ARRESTER EARTH 
TERMINAL 


RECORDING ELECTRODES 
VIEWING WINDOW 


PAPER RECORDING 
DISC 


FRONT COVER AHACHEO. 
BY MEANS OF 4 SCREWS 
EASILY REMOVED 


TWIN CORE CABLE 
FOR L V SUPPLY TO 
THE CLOCK MOTOR 
RECORDER TYPE SC7 


OUTGOING EARTH 
CABLE PVC INSULATED 
TO BE CONNECTED TO 
SYSTEM EARTH 


FRONT ELEVATION PART SECTIONAL 

WITH COVER REMOVED SIDE ELEVATION 

Fig. 21-21. — Surge counter with recording paper disc. 
{EMP Electric Ltd.) 


Application of surge diverters 

When considering the application of surge diverters, it is necessary to 
have a full knowledge of the impulse voltage characteristics of the apparatus 
to be protected and the protective characteristics of the surge diverter. 

For lugher voltage systems, the use of apparatus of a high insulation 
level which has been impulse tested is now practically standard practice. 
This is cpstly if applied at lower voltages, and the use of diverters can provide 
an economical alternative method of protection. As indicated, however, 
co-ordination of insulation levels is very necessary as obviously that of the 
apparatus must be above that of the breakdown value of the protective device. 
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Where and how to install diverters is also important. The many varying 
conditions and systems which occur in practice cannot be covered in the 
short space of the present chapter and the subject is one which demands the 
services of specialist engineers to advise on a particular network the points 
at which diverters should be placed to give protection against internal or 
external overvoltage. An appendix in B.S.2914 gives a useful outline and 
guidance. To obtain advice however, it is essential that the fullest data 
be given concerning the system, particularly that concerning the neutral of 
the system and how it is earthed, or alternatively, whether or not it is 
insulated. Other information essential to a study is that relating to the 
insulation level of the apparatus to be protected, altitude of location, details 
of transmission lines or cables, system data, etc. 

As to the actual installation, it is, in general, necessary that diverters be 
installed as near to the apparatus to be protected as possible in order to 
minimise the risk of a lightning stroke striking a point between the diverter 
and the apparatus. It is also necessary that the leads from the line con- 
ductors to the diverters, and from the diverters to earth, be short and as 
straight as possible. In order that the residual voltage on the line should 
be low, the earth resistance must be maintained low. Inadequate earthing 
will bring about a reduction in the protective level afforded since the IR 
value it represents must be added to the diverter protective level incorporated 
The earthing system for the transmission line, substation and surge diverters 
should be made common, together with any counterpoise embodied. 
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APPENDIX A 

MAINTENANCE AND INSPECTION 

The static nature of electrical switchgear is in some respects, a disadvant- 
age because, unlike rotating machinery, it does not appear to be needful of 
any maintenance or inspection. Attention to this problem has been 
focussed on these matters in C.P. 1008, Code of Practice for the Main- 
tenance of Switchgear** and C.P. 1009 ‘‘Maintenance of Insulating Oil** 
and all users of switchgear should have these available for study and reference 
as authoritative documents. Quite a large number of operational difficulties 
which arise in service can be traced to inadequate maintenance; often to a 
complete lack of maintenance. A smaller number of majox difficulties can 
be attributed to the same cause although to establish this is always difficult 
because the cause is so often destroyed by the event, e.g., an accumulation 
of dust and damp leading to flashover or worse. There is, then, very good 
reason why electrical switchgear should receive regular and detailed attention, 
and the less real work the gear has to do, the more urgent is the need. The 
notes which follow will be of assistance in the preparation of a scheme which 
should be formulated to suit the installation. 

Any system of maintenance demands as a first requisite an orderly 
programme with predetermined intervals between inspections. It demands 
that a full record be kept of each inspection, the work done or the adjust- 
ments made (even to such a detail as an adjustment of a trip setting), the 
work of adjustments necessary but which cannot be carried out there and 
then, and, to be orderly, special tools, spares, etc., must be at hand. 

Switchrooms should not be used, as they so often are, as storerooms for 
articles unrelated to the switchgear, and tidiness is a major essential. Too 
often do operators and maintenance staff leave miscellaneous sundries 
disposed on or about the gear, e.g., rags, spare compound. 

Special instruction books issued by makers of specialised equipment, 
e.g., protective gear, should be to hand and kept in a suitable receptacle 
at the site rather than in a central office elsewhere. A useful cupboard 
for housing spare parts, instruction books, diagrams, etc., is shown in 
Fig. A- 1. 

Before any work is carried out suitable measures must be taken to 
guard against danger. It is the responsibility of the occupier to ensure the 
safety of those whom he deputes to work on the switchgear and a system 
must be worked out beforehand which will provide adequate safeguards 
and will nominate the person who will be responsible for the working of 
the system. No attempt will be made here to outline such a scheme, because 
so many variations are possible to suit individual installations. Generally, 
any scheme should include a permit card authorising the work to be done, 
the card being issued only by the responsible person previously mentioned. 
The card should clearly indicate without any possible doubt the points at 
which it is safe to work, the times when it can be done, the steps taken to 
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ensure safety, such as earthing, isolation, danger notices, locked-out points, 
etc. , and the nearest live point. It should bear the signature of the responsible 



Fig. A- 1 . — Substation control room showing spares cabinet 
on wall. Cabinet also contains drawings and instruction 
books {Johnson & Phillips Ltd.). 


person and after the work is completed should be cancelled and removed 
from the possession of those doing the work. 

Danger notices should only be put up or removed by the responsible 
person who will take personal charge of any keys used to lock-out items of 
equipment. The most careful handling of keys is important as many 
accidents occur due to the wrong use of these, in particular where access to 
duplicates is relatively easy and their careless use, often by operatives 
whose knowledge and experience should indicate special vigilance. 

The foregoing may appear stringent for small installations, but it must 
not be overlooked that the electricity is just as lethal on the simple installation 
as on the very largest and that 400 volts has caused as many deaths as voltages 
of a higher order. It must alsoj^e borne in mind that on the small installation 
the available staff may not be so highly trained. The catalogue of 
electrical accidents issued yearly by the Ministry of Labour is a reminder 
of the great need for care. 
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The planning of a system of maintenance dm be considerably eased if, 
in the first place, thought is given to the risks and hazards which can arise. 
For example, dust and damp are two evils so often found ip switchrooms as 
to indicate that little appreciation exists of the hazards they produce. A 
thought given to this when constructing the switchroom can relieve the 
work of the maintenance staff. Moisture is always a potential danger and 
temperature variations which may occur in a room result in condensation. 
This, particularly if coupled with dust and dirt may sooner or later lead to 
trouble. The solution is adequate ventilation and a room kept at an even 
temperature. Dust is often present due to the sweeping of ordinary concrete 
floors. This can be mitigated by the use of one of the paints available which 
make such surfaces non-dusting, adding, incidentally, to the appearance of 
the room. 

Other precautions in the original planning which are worthy of thought 
are: — 

(1) Fireproof doors, roofs and ceilings. 

(2) Sealing of cable ducts. 

(3) Installation of fire-fighting apparatus. 

(4) Subdivision of switchgear. 

Of the many items which need inspection and maintenance, the circuit- 
breaker is perhaps most important. On this the general safety of the system 
depends particularly in the interruption of current under abnormal condi- 
tions, such as short-circuit. It will therefore be considered first, followed by 
other details. 

CIRCUIT-BREAKERS. 

Under normal operating conditions a periodic check should be made 
on the following. 

(a) Check level and condition of the oil. Clean the insulators and 
occasionally examine the contacts to ensure that good contact is 
being maintained. Arcing contacts should be watched for 
burning; operating mechanisms should be checked and lubricated. 

(b) Check the tripping of the breaker through the devices which will 
have to function on fault or overload, e.g., direct acting trip coils 
or relays. In the case of relays, operate these manually, e.g., by 
turning the disc. 

(c) Check indicating devices, such as mechanical on and off indicators 
as an incorrect indication may at some time lead to a fatal accident. 

(d) Check auxiliary switches for cleanliness and contact making. 

(e) Check all nuts and bolts for tightness, particularly in heavy 
current installations. 

After a circuit-breaker has operated under fault conditions, it should 
be examined as soon as possible thereafter. 

This is important, as while it is accepted that after such an operation the 
circuit-breaker should be capable of being closed and of making, breaking 
and carrying its normal current, its breaking capacity for a subsequent fault 
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may be impaired. It is obvious that restoration to its original condition is 
paramount and the following attention is essential. 

(a) Examine the oil and if badly discoloured change or recondition. 
If in good condition, check level to see that this has not fallen 
by an amount likely to impair future operation. Oil in good 
condition should withstand 30 kV for one minute, in a standard 
oil testing cup with 4 mm, plus or minus 0-02 mm, between 
electrodes. 

(b) Tank should be lowered and all contacts examined. Arcing 
contacts must be replaced, or beads of fused metal removed and 
pitted surfaces cleaned up with a smooth file. Care should be 
taken to prevent filings falling into the tank, or if they do be sure 
they are removed before putting back into service. 

(c) Inspect insulation for possible damage. Carefully clean the 
surfaces to remove deposits of carbon. Similarly, arc-control 
devices must be cleaned of carbon. In some designs, replacement 
of arc-splitting plates is necessary if these have become charred. 
When cleaning insulators, use a fabric which will not deposit 
loose fibres. Synthetic resin-bonded paper insulator surfaces may 
be scratched, and after removing any roughness with fine sand 
paper, they should be given two coats of special varnish to the 
suppliers recommendation. 

(d) Check closing and tripping mechanisms. 

(e) Make a final inspection to ensure that no tools have been left 
in the tank, or elsewhere about the breaker, that the tank linings 
and barriers are in position and secure, and that the tank gasket 
is in good condition. 


CONTACTS 

In any switchgear installation there are a variety of contacts other than 
those in the circuit-breaker. Upon the efficiency of these much depends. 

A first essential is that all contact surfaces shall be kept clean and that 
effective pressure be maintained. Any dirt or oxide on the surface causes 
high resistance and is the beginning of overheating. A common cause of 
contact trouble is the softening of backing springs due to temperature. 

The formation of oxide on contacts must be particularly looked for as 
this can become really serious and a vicious circle is possible — oxide — high- 
temperature — more oxide — higher- temperature, and so on. 

Sliding contact surfaces should be kept smooth. The effectiveness of 
the contact however is dependent on pressure. The old method of checking 
with an 0*002 in, feeler is not a reliable guide as it is unlikely when two plane 
surfaces are brought together that they will be in contact all over and while 
a feeler test may prove that the edges are in contact there may be a measurable 
gap at points where the feeler cannot be applied. 

Contacts on auxiliary switches, control switches, etc., are usually of a 
simple tjqje but on them depends the correct functioning of many other 
items of equipment, not the least of which is protective gear. These contacts 
must be clean, as a small particle of grit may be sufficient to keep them 
apart. 
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The bolted type of contact, as where connections join busbars, or bi;eaker 
stems, or where wiring is connected to instruments or relays, depends on the 
tightness of the nuts. The habit which nuts have of coming loose is well- 
known, and happens in spite of all precautions, and it is important to check 
for tightness at regular intervals. If for any reason a bolted joint is broken 
down, the surface should be cleaned, smeared with vaseline or contact oil 
and then scratch brushed before remaking. 

OPERATING MECHANISMS. 

The intelligent application of a small quantity of lubricant is an essential 
to satisfactory operation. A ‘‘small quantity' ‘ is emphasised because 
excess oil or grease finds its way to other parts, e.g., trip coil plungers, and 
effectively stops those parts from operating as intended, and if there is dust 
about, this will collect on any excess lubricant. It is recommended that 
maintenance on operating mechanisms should include inspection for this 
possibility. 

The correct lubricant to apply to any mechanism or part of it must 
depend on the design and the guidance of the maker should be sought. In 
some cases, makers send out mechanisms sprayed with a rust- resisting 
compound which is also slightly lubricating. This compound should not 
be removed. 

During maintenance, old oil or grease with the dust it has probably 
collected, should be cleaned away before applying new oil or grease. 

Check nuts for tightness, and pins and split pins for correctness of 
fitting. 

CONTROL PANELS AND WIRING. 

Few control panels are really dust tight. Clearances between contacts 
and terminal stems on control and instrument switches, terminal blocks 
and lamp terminals, are relatively small and dust can accumulate between 
them to an extent that even the low potential which exists between adjacent 
stems may cause breakdown, particularly on flat horizontal surfaces. This 
type of apparatus can be kept clean by the use of bellows or better still, the 
vacuum cleaner. 

It is vitally important to check indicating lamps as on these a correct 
knowledge of circuit conditions must depend. This is particularly the 
case where a single lamp is used may burn out or suffer mechanical damage. 
Wiring on control panels should be checked for insulation and continuity 
at intervals of say once a year. Earth connections should also be checked 
for continuity. 

Fuses, too, are all important. Those of the cartridge type can be checked 
by keeping a record of resistance. Wire fuses should be examined visually. 

When replacing cartridge type fuses or rewiring other types, always use 
the correct fuse- link rating or the correct gauge of wire. 

PROTECTIVE GEAR. 

Protective gear is installed for the purpose of disconnecting the apparatus 
from the electrical system when that apparatus or its connecting conductors 
become faulty. By this means extensive damage involving a major shut- 
down may be avoided. It is of primary importance therefore that protective 
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gear be kept in sound condition at all times, and to this end a regular check 
on its functions is essential. 

It is particularly important that a check be made after any maintenance 
operation which may have necessitated disturbing certain connections. 

Many protective systems in use to-day are of a special type (see Chapter 
XV) and with these, the makers usually issue instruction booklets to cover 
both the operation, testing and maintenance. In the simpler forms of 
protective gear the most satisfactory test is to simulate a fault by passing 
current (preferably by primary injection) through the windings of the protec- 
tive transformers causing the gear to function as intended. 

Relays must be kept clean, the contacts being checked to make sure 
that contact does actually occur. 

Settings should be checked and connections to relays should be tight 
under the nuts on the stems. Corrosion of connections should be looked 
for particularly in damp situations, where corrosion occurs mainly on d.c. 
elements, e.g., trip circuits. 

BATTERIES. 

Usually employed for the closing operation of the circuit-breaker or for 
trip coils, indicating devices, etc., it is essential that batteries be maintained 
in sound condition. 

This can usually be checked from the specific gravity of the electrolyte, 
which should be maintained at its correct level. Connections should be 
tight and corrosion checked by smearing the terminals with petroleum 

Trip batteries are usually of the nickel iron type and require little 
attention. They are supplied in cabinets which accommodate trickle 
charging equipment, test switches and instruments. 

INSTALLATION ON SITE. 

Owing to the many variations in design of electrical switchgear, no 
fixed rules can be set down to cover the essentials of satisfactory installation 
but on this will depend the correct functioning of the gear. In many cases, 
the makers issue individual instructions for use when their own erection 
staff are not called upon to undertake the work. 

A chief essential is that of having a true and level foundation, and the 
careful lining up of the gear on this foundation prior to final joining up, 
using where necessary shims to adjust for small inaccuracies. It is vitally 
important that, in types of gear where there is a fixed housing into which a 
moving carriage has to enter, the housing be plumb. In types of gear where 
compounding has to be done on site, e.g., in compound-filled switchgear at 
joints between adjacent units, care should be taken to follow closely the 
manufacturers' instructions. 

SITE TESTING. 

It is often the case that switchgear is installed in a switchroom some 
time before it is commissioned. It may be that the room is damp, may not 
even have a roof, and that other contractors are still working in the room. 
Such conditions warrant a careful examination of the gear before commission- 
ing, ensuring that every detail is dry and clean, that working parts are 
properly lubricated, etc. 
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Wedges which may have been used to prevent damage in transit sli^ould 
be removed. If any special precautions must be taken, these are usually 
indicated by tags tied to the gear and it is recommended that these be 
removed by a responsible person only and not, as is so often the case, by a 
stores receiving clerk before the apparatus reaches the final site. Such 
instructions usually cover the need to fill voltage transformers with oil, 
the removal of protective shrouds from synthetic resin-bonded paper 
bushings, and the removal of paper wedges from protective relays. 

Insulation resistance tests should be carried out on both primary and 
secondary circuits using a i ooo volt instrument. If damp is present 
unsatisfactory readings may be olDtained and in this case, all insulating 
surfaces should by carefully wiped with a warm dry cloth. In the extreme 
case it may be necessary to dry out the gear by other means and if this is 
necessary radiators or heaters should be placed so that there is no danger 
of blistering the surfaces of the insulation. 

Voltage tests should subject all main connections to twice the service 
voltage plus 2 000 volts for one minute, at a frequency of 50 cycles per 
second. If tests of a longer duration are required, then the voltage should 
be reduced in line with the following: — 


Duration of 
test 

Percentage of standard 
test voltage 

Minutes 

1 

I 

I 

100 

2 

83-5 

3 

75-0 

4 

70*0 

5 

66-6 

10 

60 *0 

15 

1 

' 57*7 

1 


It often occurs that d.c. voltage tests have to be applied, owing to the 
length of connected cable. The latter would demand such a high charging 
current as to make the size of a testing transformer for a.c. very large and 
unwieldy. The correct d.c. voltage to apply is \/ 2 times the r.m.s. value 
of the a.c. test voltage. In some cases, the locations of the current trans- 
formers will be such as to bring them within the range of d.c. tests applied 
to cables and when this occurs consideration must be given to the advisability 
or otherwise of disconnecting the transformers, which may not be capable 
of withstanding the d.c, voltage. In all cases of d.c. testing the manufacturers 
agreement should be obtained, notably because the usual time of application 
to cables is 1 5 minutes. 

Repeated voltage testing is generally deprecated as while a breakdown 
may not occur immediately, the insulation is stressed and repeated stressing 
may in time be the cause of breakdown. In any event, it is well to remember 
that the gear has already been voltage tested at the makers' works and in 
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many cases further high-voltage tests might be dispensed with without 
danger. It may be wise however to voltage test the busbars on compound- 
filled gear on site as these are never completely finished at the joints at 
the works. 

Generators, transformers and feeders must be phased out. In the case 
of generators, the phase rotation of the generator must be checked against 
the system it is to serve. For this purpose a phase-rotation indicator is 
useful but other methods include checking against an induction motor of 
known rotation or by lamps across the secondaries of suitable voltage 
transformers. In the case of transformers where these operate in parallel, 
not only must a rotation check by made, but they must be phased out on 
each phase. All feeders must be similarly phased out, verifying each phase 
in turn and simultaneously proving continuity. 
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APPENDIX B 
REGULATIONS 

In general, switchgear installations in Great Britain must comply with 
the Factories Acts, the requirements of which are explained in a 
**Memorandum on the Electricity Regulations**. These apply to all power 
and substations, and the user of electrical switchgear in any form is well 
repaid by a study of the Memorandum numbered *Torm 928**, issued by 
H.M. Stationery Office. 

Separate regulation sare issued to cover use in Mines and Quarries and 
reference is directed to H.M. Stationery Office publication, '"Mines and 
Quarries Form No. ii**. 

Local regulations may need to be taken into account on any particular 
installation, and in this case onus is on the prospective purchaser to indicate 
these at the time of enquiry. 

It may be useful here to give a brief extract from the Electricity 
Regulations insofar as they affect switchgear in particular: 

An "Electrical Station** is defined in the Factories Act 1961 as "any 
premises in which persons are regularly employed in, or in connection 
with the processes or operations of generating, transforming or converting, 
or of switching, controlling or otherwise regulating, electrical energy for 
supply by way of trade or for supply for the purposes of any transport 
undertaking or other industrial or commercial undertaking or of any 
public building or public institution, or for supply to streets or other public 
places, as if the premises were a factory and the employer of any person 
employed in the premises in or in connection with any such process or 
operation were the occupier of a factory.** The foregoing is extracted 
from Section 123 of the 1961 Act. 

Under the heading of "Definitions** in the Memorandum, a substation 
is noted as: — 

"Any premises, or that part of any premises, in which electrical 
energy is transformed or converted to or from pressure above medium 
pressure, except for the purpose of working instruments, relays, or 
similar auxiliary apparatus; if such premises or part of premises are large 
enough for a person to enter after the apparatus is in position.** 

This, it will be seen, excludes certain kiosks, street pillars and the like 
in that no person can enter with the apparatus in position. 

Notwithstanding, such forms of substation may still be subject to 
certain regulations either under the definition of "Electrical Station** or 
because they are on premises to which the Acts apply. It is therefore 
excellent practice to regard a kiosk as being subject to the regulations, 
and to provide the safeguards applicable. 
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As to ''pressure'' t, the following definitions apply: — 

" 'Low-pressure' means a pressure in a system normally not exceeding 
250 volts where the electrical energy is used. 

" 'Medium-pressure' means a pressure in a system normally above 
250 volts, but not exceeding 650 volts, where the electrical energy is used, 

" 'High-pressure' means a pressure in a system normally above 
650 volts but not exceeding 3,000 volts, where the electrical energy is 
used or supplied. 

" 'Extra high-pressure' means a pressure in a system normally 
exceeding 3 000 volts where the electrical energy is used or supplied." 

In the case of alternating current systems the term '‘pressure" refers 
to the r.m.s. value. 

Certain exemptions are laid down in regard to a number of the regula- 
tions, the full intent of which should be studied in the Memorandum 
referred to. These exemptions mainly concern low-pressure systems, 
apparatus on the supply side of consumers' terminals, situations where 
special conditions adequately prevent danger, and processes or apparatus 
used exclusively for electro-chemical or electro-thermal or testing or research 
purposes.* 

In considering the regulations, it is important to bear in mind that: — 

"It shall be the duty of the occupier to comply with these regulations. 
And it shall be the duty of all agents, workmen and persons employed 
to conduct their work in accordance with these regulations." 

This observation is worthy of particular stress in conjunction with the 
need for regular switchgear maintenance, dealt with in Appendix A. 

It is of importance in that gear originally supplied by a manufacturer 
to meet all the requirements of safety demanded, may be rendered less 
safe, or even unsafe, by lack of maintenance or care. 

Dealing now with the regulations particularly applying to switchgear, 
it will be convenient to set these down followed by brief comments which 
may be of help. 

REGULATION I. 

"All apparatus and conductors shall be sufficient in size and power 
for the work they are called upon to do, and so constructed, installed, 
protected, worked and maintained as to prevent danger so far as is 
reasonably practicable." 

Applicable to all system pressures, it is noted that here again the word 
"maintained" occurs. The regulation covers the need for precautions 
when working on live conductors such as on switchboards. "Sufficient in 
size and power" means not only for normal conditions but also under 
conditions of short-circuit as indicated in various chapters in this book. 

^Exemption 4 has a proviso which specifically qualifies the conditions under which exemption is 
granted and these must he noted and complied with. 


t Voltage 
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REGULATION 3. » 

‘'Every switch, switch fuse, circuit-breaker and isolating link shall 
be (a) so constructed, placed or protected as to prevent danger; (b) so 
constructed and adjusted as accurately to make and maintain good 
contact; (c) provided with an efficient handle or other means of working, 
insulated from the system, and so arranged that the hand cannot 
inadvertently touch live metal; (d) so constructed or arranged that it 
cannot accidentally fall or move into contact when left out of contact/" 

In the types of switchgear outlined in the present work, the construction 
is generally such that danger in the manner indicated is avoided. The 
reference to the need for the maintenance of contacts to give good contact 
is important in the case of circuit-breakers where fault clearance may 
result in burning such that good contact is impossible. 

The operation of isolating links, if of the single pole, pole operated types, 
demands a pole of adequate insulating properties and length. When closed, 
such links should be held closed by safety catch or other means. In the 
case of ganged isolators, a toggle or other means should hold the isolator 
in or out, and a definite “on"" and “off"" indicator should be provided. 

Modern circuit-breakers are normally fitted with indicating devices to 
show open or closed positions. 

REGULATION 4. 

“Every switch intended for breaking a circuit and every circuit- 
breaker shall be so constructed that it cannot with proper care be left 
in partial contact. This applies to each pole of double-pole or multi-pole 
switches or circuit-breakers. Every switch intended to be used for 
breaking a circuit and every circuit-breaker shall be so constructed 
that an arc cannot be accidentally maintained."" 

The intent of this regulation is such that slow-break isolators must not 
be used for breaking current. Reference has been made elsewhere to the 
possibility of drawing a dangerous arc under such conditions. In the 
case of circuit-breakers, quick-break action is provided independent of 
the operating handle, thus complying with the regulation. 

REGULATION 5. 

“Every fuse, and every automatic circuit-breaker used instead thereof, 
shall be so constructed and arranged as effectively to interrupt the current 
before it so exceeds the working rate as to involve danger. It shall 
be of such construction or be so guarded or placed as to prevent danger 
from overheating, or from arcing or the scattering of hot metal or other 
substance when it comes into operation. Every fuse shall be either 
of such construction or so protected by a switch that the fusible metal 
may be readily renewed without danger."' 

This regulation is important in many respects. First and foremost 
it demands apparatus capable of adequately dealing with fault conditions. 
This has been indicated in Chapters III and IV and methods have been 
given whereby the fault conditions to be expected can be calculated with 
reasonable accuracy for the purpose of correct selection. 
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It is important to note that if, for any reason, fuses rated to allow an 
initial current rush without * ‘blowing'* have to be employed, as for example 
on a motor starter for direct-on-line switching, then it is possible that 
cables rated for full-load current will not be protected. 

As to the scattering of hot metal and arcing, it demands that an open-type 
air circuit-breaker shall be placed sufficiently high as to be away from 
an operator's face. Danger from “other substance" can mean the throwing 
of hot oil and gases from the vent pipes of oil circuit-breakers and these 
pipes should therefore be brought out to a point remote from that where 
an operator should or would normally be. 

An important point brought out by the regulation is that of ensuring 
that instrument fuses and the like should be of high breaking capacity 
if they are in any part of the circuit where the full value of short-circuit 
may need to be interrupted by them. 

As to main circuit fuses, the many excellent makes now available which 
comply in all respects with the regulations make the matter one of choice. 
Care, however, is needed in the selection of fuse-link rating to ensure 
that the protection intended is really obtained. 

REGULATION 7. 

“Efficient means, suitably located shall be provided for cutting 
off all pressure from every part of a system as may be necessary to prevent 
danger." 

The need for maintenance on circuit-breakers has been stressed else- 
where. In the event of it being impossible to shut down completely, as 
for example at week-ends or night, then isolators to completely isolate the 
breaker are essential, and such links must be so located, with dividing 
barriers or screens, as to prevent danger to persons working, noting that 
the busbar side of such isolator can be live. 

REGULATION 8. 

“Efficient means, suitably located, shall be provided for protecting 
from excess of current every part of a system, as may be necessary to 
prevent danger." 

Compliance with this regulation depends largely on the efficiency and 
suitability of the protective gear provided. It must be borne in mind that 
some time, no matter how small, must elapse while the protective gear 
functions and the associated interrupting device operates to clear an excess 
current condition and during this period the current must be carried by 
busbars, conductors, current transformer primaries, etc. To prevent danger 
it will be clear that the time period should be as short as possible. The need 
for circuit interrupting devices to be capable of interrupting the maximum 
fault current is again emphasised. 

REGULATION 1 4. 

“The general arrangement of switchboards shall, so far as reasonably 
practicable, be such that: — 
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(a) All parts which may have to be adjusted/ or handled, are readily 
accessible. 

(b) The course of every conductor may where necessary be readily 
traced. 

(c) Conductors not arranged for connection to the same system arc 
kept well apart, and can, where necessary, be readily distin- 
guished. 

(d) All bare conductors are so placed or protected as to prevent danger 
from accidental short-circuit.*' 

Where there is any quantity of small wiring, and particularly in the 
case of electrically remote controlled boards, the ends of each wire can 
with advantage be numbered to correspond with the wiring diagram. 

This is important in that in many cases wires of similar colour run 
in the same direction and from and to points closely adjacent. 

In any case, whether the quantity of wiring is great or small, it should 
be run neatly and not strung from point to point. It should follow as 
closely as possible the runs shown on the diagram of connections. 

Although not specifically mentioned in the regulation, the adequate 
labelling of instrument and other auxiliary fuses is equally important in 
tracing out circuits in the manner intended. 

Accidental short-circuit, referred to in (d), may arise from a number 
of causes. Fuses or switches, where there is a risk of arcing, may, if placed 
close to adjacent metal, either in the circuit or not, be one cause. Conductors 
of opposite polarity or phase must be spaced adequately or where this is 
impossible, insulation introduced between. 

All apparatus required to be handled, e.g. fuses in secondary circuits 
and operating handles, should be placed at the front of a switchboard. 

REGULATION IS* 

“Every switchboard having bare conductors normally so exposed 
that they may be touched, shall, if not located in an area or areas set 
apart for the purposes thereof, where necessary be suitably fenced or 
enclosed. 

“No person except an authorised person, or a person acting under his 
immediate supervision, shall for the purpose of carrying out his duties 
have access to any part of an area so set apart." 

As pointed out in Form 928, “a place set apart" means that the place 
shall not be used for any other purpose whatsoever. The regulation is one 
which the user must study in all its implications in relation to the situation 
under consideration. If the switchgear manufacturer is to provide any 
special precautions, these should be stated at the time of enquiry and full 
particulars of the conditions given, 

REGULATION 1 6 . 

“All apparatus appertaining to a switchboard and requiring handling, 
shall so far as practicable be so placed or arranged as to be operated 
from the working platform of the switchboard, and all measuring 
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instruments and indicators connected therewith shall, so far as practicable, 
be so placed as to be observed from the working platform. If such 
apparatus be worked or observed from any other place, adequate pre- 
cautions shall be taken to prevent danger.'' 

This clearly precludes the placing of such apparatus as may need to 
be handled or observed in normal operation at the back of a board. 

In particular, instrument and other auxiliary fuses should be renewable 
at the front, away from any possible danger. See also Regulation 14. 

REGULATION 1 7 . 

'*At the working platform of every switchboard and in every switch- 
board passage-way, if there be bare conductors exposed or arranged to 
be exposed when live so that they may be touched, there shall be a clear 
and unobstructed passage of ample width and height, with a firm and 
even floor. Adequate means of access free from danger, shall be provided 
for every switchboard passage-way. 

‘^The following provision shall apply to all such switchboard working 
platforms and passage-ways constructed after January ist, 1909, unless 
the bare conductors, whether overhead, or at the sides of the passage- 
ways, are otherwise adequately protected against danger by divisions 
or screens or other suitable means: — 

(a) Those constructed for low-pressure or medium-pressure switch- 
boards shall have a clear height of not less than seven feet, and a 
clear width measured from bare conductor of not less than three 
feet, 

(b) Those constructed for high-pressure and extra high-pressure 
switchboards, other than operating desks or panels working 
solely at low-pressure shall have a clear height of not less than 
eight feet, and a clear width measured from bare conductor 
of not less than three feet six inches. 

(c) Bare conductors shall not be exposed on both sides of the switch- 
board passage-way unless either (i) the clear width of the 
passage-way is, in the case of low-pressure and medium-pressure, 
not less than four feet six inches, and in the case of high-pressure 
and extra high-pressure not less than eight feet, in each case 
measured between bare conductors, or (2) the conductors on one 
side are so guarded that they cannot be accidentally touched." 

Certain words in the first paragraph of this regulation have been printed 
in italics (on the author's instructions) because they are deserving of special 
attention. There is a tendency in some cases to carefully observe the 
prescribed clearances and then to obstruct the passage-way with loose-lying 
cable, or even to build, for some reason, a step. Nothing over which a man 
can stumble should be placed in the passage-way. 

‘'Adequate means of access" is^important. A passage-way with access 
(and escape) at one end only constitutes a danger in that a man working 
at the remote end may be trapped by fire or other cause. On the other 
hand, if the passage-way is very wide a second means of escape may be 
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unnecessary where only limited power is available at the switchboard. 
An escape door should be provided if the length of the board is particularly 
great. 

In the case of equipments having doors which may be opened to 90®, 
the leaving of a passage-way of the minimum dimension from bare con- 
ductors, may seriously restrict the escape of a person. It is the view of the 
Factory Department that the clear width of the passage-way behind any 
switchboard should be that indicated in the appropriate section (a), (b) or 
(c) measured from the edge of a door opened at 90°, to the wall. 

Where circumstances permit, doors which open through 180° are to 
be preferred, while some saving in space, yet maintaining the requisite 
passageway, may be obtained by double doors hinged at opposite sides, 
instead of one wide door. 

REGULATION 1 8 . 

*^In every switchboard for high-pressure or extra high-pressure: — 

(a) Every high-pressure or extra high-pressure conductor within 
reach from the working platform or in any switchboard passage- 
way shall be so placed or protected as adequately to prevent 
danger. 

(b) The metal cases of all instruments working at high-pressure or 
extra high-pressure shall be either earthed or completely enclosed 
with insulating covers. 

(c) All metal handles of high-pressure and extra high-pressure 
switches, and where necessary to prevent danger, all metal 
gear for working the switches shall be earthed. 

(d) When any work is done on any switchboard for high pressure or 
extra high pressure the switchboard shall be made dead unless: — 

(1) The section of the switchboard on which the work is done 
(hereinafter referred to as “the relevant section") is made 
dead and every other section which is live is either (a) so 
separated from the relvant section by permanent or remov- 
able division or screens as not to be a source of danger to 
persons working on the relevant section, or (b) in such a 
position or of such construction as to be as safe as if so 
separated as aforesaid: or 

(2) The switchboard itself is so arranged as to be secure that the 
work is done without danger without taking any of the 
precautions aforesaid." 

Modern switchboards at high or extra high-pressure rarely, if ever, 
have conductors at the front and in any accessible position at the operating 
platform. Open types of switchgear such that are contemplated by (a) 
are very much more common on the Continent and recourse is made to 
guard rails, etc. 

As to (d) emphasis has already been laid on the need for dividing 
screens and a recommendation made for the fitting of these initially rather 
than later. Fixed dividing screens are preferable to removable and 
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temporary screens. In designing such screens care is necessary to ensure 
that circuit-breakers can readily be worked on. It is, however, not so easy 
to screen busbar isolating devices and one point on these may be alive, 
thus necessitating a complete shut-down, if work has to be done on such 
apparatus. 

Sectionalising, or duplicate busbars, provide methods for overcoming 
shut*down but care is needed to see that in giving access to, say, one set 
of busbars or isolators, the other set of isolators are completely screened. 
Voltage transformers with self-contained high-tension fuses are often 
worked on without shutting down the circuit. Such work is that of renewing 
the fuses and means of isolation is therefore essential. Where the isolators 
are apart from the transformer they must be in a separate compartment. 
Very often in modern gear, voltage transformers are of the withdrawable 
type, incorporating a spring loaded or snap type switch. 

If this latter type, when withdrawn, leaves live points exposed, automatic 
shutters become necessary to cover those points. 

In connection with this regulation, reference should also be made 
to B.S. 162 and its Appendices (C) and (D). 


REGULATION IQ. 

*^A11 parts of generators, motors, transformers, or other similar 
apparatus, at high-pressure or extra high-pressure, and within reach 
from any position in which any person employed may require to be, 
shall be, so far as reasonably practicable, so protected as to prevent 
danger.'' 

This regulation demands little comment as it is self explanatory. 


REGULATION 20. 

* 'Where a high-pressure or extra high-pressure supply is transformed 
for use at a lower pressure, or energy is transformed up to above low- 
pressure, suitable provision shall be made to guard against danger by 
reason of the lower pressure system, becoming accidentally charged 
above its normal pressure by leakage or contact from the higher pressure 
system." 

In the main this regulation applies solely to transformers and naturally 
includes instrument or protective gear voltage transformers. 


REGULATION 21. 

"Where necessary to prevent danger, adequate precautions shall 
be taken either by earthing or by other suitable means to prevent any 
metal other than the conductor from becoming electrically charged." 

In switchgear practice, this involves earthing of metal frames, switch 
handles and the like, usually accomplished by the general connection of 
all metal work to an earth bar, which in turn is connected to the earthing 
system. The efficiency of the earthing system is closely related to this 
regulation and this aspect is commented on at length in Form 928. 
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REGULATION 22. 

‘Adequate precautions shall be taken to prevent any conductor 
or apparatus from being accidentally or inadvertently electrically charged 
when persons are working thereon/' 

Reference to the accident reports will confirm the importance of this 
regulation. 

The locking-off of circuit-breakers controlling the circuit being worked 
upon is perhaps the safest method with the added safeguard that the key 
to the lock should be in the possession of the man actually doing the work, 
or the supervisor or other responsible officer. The use of isolating switches 
on both sides of feeder oil circuit-breakers, or circuit-breakers on other 
circuits where parallel feeds may be possible, is also a necessity. Where 
fuses form part of the circuit on which work is to be performed, the fuses 
should be removed to a safe place. 

REGULATION 23. 

“Where necessary adequately to prevent danger, insulating stands, 
or screens, shall be provided and kept permanently in position, and shall 
be maintained in sound condition. “ 

This regulation is to advise the use of insulating stands, or rubber 
mats in places where persons have to handle switchgear and where there 
is a danger of touching bare conductors and so receive a shock to earth. 
The use of stands of insufficient width is to be guarded against as a man 
may have only one foot on the stand and the other on non-insulating flooring, 
such as iron plates. A width of three feet is recommended as minimum. 

REGULATION 24. 

“Portable insulating stands, screens, boots, gloves, or other suitable 
means shall be provided and used when necessary adequately to prevent 
danger and shall be periodically examined by an authorised person." 

This regulation has clearly the same object in view as regulation 23 
but allows the use of portable stands, etc., in circumstances where their 
use is so seldom required as to render permanent devices unnecessary; 
“other suitable means" is intended to cover insulated spanners, screw- 
drivers, pliers, etc. The proviso demanding periodical inspection is 
vitally important, particularly in the case of rubber gloves and insulating 
boots. Suppliers of such items will generally carry out inspection at regular 
intervals at a nominal charge. 

REGULATION 2$. 

“Adequate working space and means of access, free from danger, 
shall be provided for all apparatus that has to be worked or attended to 
by any person." 

Safe and adequate space is essential where any person has to work on 
switchgear. 

By safe, it may be meant not only electrically but also physically — ^as 
for example means may have to be provided to allow a hand-hold for a man. 
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REGULATION 26. 

**A11 those parts of premises in which apparatus is placed shall be 
adequately lighted to prevent danger." 

For example, if back access is provided to a cubicle type switchboard, 
then adequate lighting is necessary to prevent danger. Lights so placed 
to accomplish this need not be constantly burning and the switch for 
operating them must be away from the danger area. 

REGULATION 27. 

"All conductors and apparatus exposed to the weather, wet, corrosion, 
inflammable surroundings or explosive atmosphere, or used in any process 
or for any special purpose other than for lighting or power, shall be 
so constructed or protected, and such special precautions shall be taken 
as may be necessary adequately to prevent danger in view of such 
exposure or use." 

In other words, special risks mean special precautions, for example the 
use of flameproof switchgear. 

REGULATION 28. 

This regulation is not quoted here in full as it bears directly on all 
electrical equipment and defines the law regarding authorised persons 
permitted to work where technical knowledge or experience is essential 
to prevent danger. 


The comments given in the foregoing have, of necessity, been consider- 
ably abbreviated. Those in the Memorandum (Form 928), however, are 
extensive, giving a wealth of helpful information, a study of which must 
be of value not only to users but to switchgear engineers, designers and 
draughtsmen. 

In addition, three appendices in the Memorandum provide further 
information on (a) low and medium voltage switchboards, (b) the overhead 
line regulations and (c) the performance of apparatus under short-circuit 
conditions, the latter being not dissimilar to that given in Chapter III 
of this book. 
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The data and tables included in this Appendix are given for convenient 
reference. It has been selected as being appropriate to the subject matter 
of the book and much of it has appeared elsewhere. Where necessary 
acknowledgment to the source is given in parenthesis. 

PROPERTIES OF COPPER (Copper Development Association) 

o-i per cent proof stress (Hard Drawn) . . 15*24 tons per sq. in. 

„ „ „ „ „ (Annealed) . . . . 4 tons per sq. in. 

Ultimate tensile strength (Hard Drawn) . . 20-30 tons per sq. in. 

„ ,, ,, (Annealed) . . . . I4“'i7 tons per sq. in. 

Electrical resistivity, annealed, based on I.E.C. 

Standard per cm. per sq. cm. section, microhms i *724 i at 20®C. 

M M M M M M M I *693 9 Rt 6 oT. 

Temperature co-efficient of linear expansion . . o*ooo 017 per ®C. 

M M „ . . 0-000 009 44 per T. 

Thermal conductivity 

(Calories/sec/sq. cm/cm/®C.) 0-92 

Modulus of elasticity (Hard Drawn) . . . . 18.10® Ib/sq. in. 

APPROXIMATE WEIGHT OF COPPER CONDUCTORS (Copper Development 
Association) 

Conductors of uniform cross sectional area: — 

W= 3-854 A 
Conductor, solid rod: — 

W==3-025 d® 

where W= Weight per foot in pounds 
A = cross-sectional area in sq. in. 
d = diameter in inches 

PROPERTIES OF ALUMINIUM AND ALUMINIUM ALLOY (Alcan Industries Ltd.) 

B.S. 2898 : 1957 E I E E 91 E 

Minimum o-i per cent proof stress 2 ton/sq. in. 10-5 ton/sq. in. 

Minimum ultimate tensile strength 4 ton/sq. in, 13 ton/sq. in. 

Electrical resistivity (max.) at 20°C. 
per cm. per sq. cm. section, 

microhms 2-873 3 *133 

Temperature co-efficient of linear 

expansion (20°C."-200®C.) . . 0-000023 per ®C. 0-000023 per ®C. 

Thermal conductivity 

(Calories/sec/sq. cm/cm/°C.) , . 0-53 0-43 

Modulus of elasticity . . . . 10. 10® Ib/sq. in. 9-5 . io®lb/sq. in. 

The figures given above relate to the products of Alcan Industries Ltd. 
viz, Noral CISM (EIE) and Noral D 50 SWP (E 91 E) respectively. 
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TABLE OF DIELECTRIC CONSTANTS AND ELECTRIC STRENGTHS ("CALCULATION 

AND Design of Electrical Apparatus") 


Insulating material 

Dielectric constant 

Electric stren^ 
volts per mil. 

Ranget 

Typical 
or mean 
value 

Ranget 

Typical 
or mean 
value 

Air* 

1*0 

i-o 

69- 79 

76 

Bakelite 

3-6-8-8 

5*0 

560 

560 

Bakelite mouldings 

4 - 5 - 7-0 

57 

200- 560 

380 

Compound $emi>solid 

2 - 5 - 3-0 

2*8 

450- 600 

500 

Compound semi-fluid 

2*3-2-6 

2*4 

300- 400 

350 

Oil, transformer 

2 •2-2 ‘5 

2*4 

250 

250 

Paper, dry 

I •7-2-6 

2*4 

200- 350 

275 

Paper, oiled 

2 *6-3 *8 

3*5 

500- I 500 

550 

Paper, synthetic resin-bonded 

5 - 0-5 *6 

5*2 

400- I 500 

750 

Porcelain 

4 * 4 - 6*8 

4*8 

220- 300 

240 

Rubber, pure 

I • 8 - 2*6 

2*3 

100- 250 

175 

Rubber, vulcanised . . 

2 -6-2 *9 

27 

300- 700 

500 

Rubber, hard 

3*0 

3*0 

750- I 500 

I 120 

Shellac 

2 * 7 - 3 -8 

3*2 

400- 580 

500 

Slate 

6*0-7 *0 

6*8 

S~ 10 

6 


Mt about 760 m/m. pressure. Other gases have a dielectric constant within i cent of unity. 
^Variation due to classes of insulation comprising families of substances with non-identical 
characteristics and due to the fact that electric strength usually decreases considerably with 
thickness. 
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MINIMUM BENDING RADII FOR LEAD SHEATHED AND CORRUGATED ALUMINItiM 

SHEATHED POWER CABLES 


I 

2 

3 





Working 

voltage 

kV. 

Type of 
cable 

Bending radius in terms of D 
(See Col. 7) 

Diameter 
measured (D) 

Cable 

laid 

direct 

Cable 

drawn 

into 

ducts 

Adjacent to joints 
and terminals 




Without 

former 

With 

former 


Up to and 

including 

nkV. 

All types 

1 2D 

12D 

loD 

8D 

Overall 

22 kV 

(earthed 

neutral) 

All types 

Individual 
cores of 

S.L cable 

15D 

2sD 

ISD 

ISD 

1 2D 

1 2D 

Overall 

Over sheathed 
core 

33 kV. 

Single core 

30D 

35D 

2oD 

ISD 

Overall 


3 -core 
screened 
and S.L. 

2oD 

30D 

ISD 

12D 

Overall 


Individual 
cores of 

S.L. cable 



2oD 

ISD 

Over sheathed 
core 
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MINIMUM BENDING RADII FOR ALUMINIUM SHEATHED CABLES EXCLUDING 
CORRUGATED ALUMINIUM SHEATHED CABLES 


I 

2 

3 

4 

5 

6 

7 

Working 

voltage 

kV. 

Type of 
cable 

Bending radius in terms of D 
(See Col. 7) 

Diameter 
measured (D) 

Cable 

laid 

direct 

Cable 

drawn 

into 

ducts 

Adjacent to joints 
and terminals 



Without 

former 

With 

former 


Up to and 
including 

II kV. 

All types 

Up to and 
including 

1*25 in. 

1 2D 

isD 

1 2D 

loD 

Over sheath 


Over I *25 in. 
up to 2 in. 

ISD 

18D 

ISD 

12D 

Over sheath 


Over 2 in. 

18D 

25D 

i8D 

ISD 

Over sheath 

22 kV. 

(earthed 

neutral) 

All types 

Up to and 
including 

2 in. 

Over 2 in. 

15D 

18D 

2sD 

25D 

ISD 

18D 

I 2D 

I5D 

Over sheath 

Over sheath 


Individual 
cores of 

S.A, cable 

— 

— 

isD 

I 2D 

Over sheathed 
core 

33 kV. 

Single core 

30D 

35D 

2oD 

ISD 

Overall 


3 core 
screened 
and S.A. 

20D 

30D 

18D 

isD 

Overall 


Individual 
cores of 

S.A. cable 



20D 

ISD 

Over sheathed 
core 


P.V.C INSULATED AND SHEATHED ARMOURED CABLES 
Minimum bending radius= 8 times the overall diameter. 

For cables other than those given above please see I.E.E. Regs. X3th edition and 1961 
Amendments. 

Note: Unarmoured p.v.c insulated twin and multicore cables with shaped conductors should 
have a minimum bending radius of 8 times the outside diameter. 
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STANDARD PERCENTAGE IMPEDANCES FOR 5ci C/s, THREE PHASE 
TRANSFORMERS. CONNECTIONS, H.V. OR L.V,, DELTA OR STAR 


kVA 

H.V. 

WINDIN 

G (kV.^ 

3‘3 

6*6 

11 

15 

22 

33 

44 

55 

66 

88 

no 

5 

47 S 

4*75 

475 

5*5 

5*5 

6-0 






7 *S 


It 

II 

5*25 

5*25 

5*25 






10 to 15 

n 

It 

It 

475 

4*75 

4*75 






20 to 40 

4*5 

4*5 

4*5 

4*5 

4*5 

4*5 






so to 75 

tt 

.. 

II 

II 


II 

5*0 

5*5 




100 to 150 

4*75 

475 

4 75 

5*0 

5*0 

5*0 

5*5 

II 

5*5 



200 

i> 

It 

II 

♦» 


II 

II 

II 


6*0 


250 to 400 

f 1 

It 


II 


M 

II 

,, 


II 

6 s 

500 to I 000 

» I 

,, 

»» 

II 

II 

II 

M 

6*0 

6*0 

6*5 

7*0 

I 250 


so 

5*0 

5*5 

5*5 

5*5 

6*0 

6*5 

6*5 

II 

M 

1 500 


' S-S 

5*5 

6*0 

6*0 

6*0 

6*5 

7*0 

7*0 

7*0 

7*5 

2 000 to 2 500 

i 

1 6-0 

6-0 

,, 

II 


II 

II 

,, 


II 

3 000 to 5 000 



II 

6-5 

7*0 

7*0 

7*0 

7*5 

7*5 

8*0 

8*0 

6 000 



7-0 

7-0 

7*5 

7*5 

7*5 

8*0 

8*0 

8*5 

8*5 

7500 



M 

7*5 

8-0 

80 

8-0 

8*5 

8*5 

9*0 

9*0 

10 000 





9-0 

90 

9-0 

9*0 

9*0 



12 500 to 30000 





lO-O 

lO’O 

10*0 

10*0 

10*0 




Note: The above values apply to power transformers with standard ratios, and can be modified 
if required. 
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RESISTANCE, REACTANCE AND IMPEDANCE OF MULTICORE COPPER AND 
ALUMINIUM CONDUCTOR, PAPER INSULATED CABLES 

The values given are per looo yds. for circular and sector conductor 
multicore cables for standard line voltages of i loo to 33 000 volts and for a 
frequency of 50 c/s, manufactured in accordance with B.S. 480 : 1954. 
The temperature basis is 20°C. (68°F.). Figures given are based on nominal 
dimensions. 




Conductor resistance in ohms 



Impedance per 




per 1 000 yd. at 20‘‘C 

Inductance 


1 000 yd. at 


No. and 

— 


— 


(with 

Reactance 

50 cvcles/sec. 

Nominal 

dia. (in.) 

Copper 

Aluminium 

allowance 

(at 50 

and 20®C 

area 

of 

















of 

conductor 


A.C. 


A.C. 

per 

per 



con- 

wires 

D.C. 

(multicore) 

DC. 

(multicore) 

1 000 yd. 

1 000 yd. 

Copper 

Alumi- 

ductor 


(single 

with 

(single 

with 




nium 



core) 

allowance 

core) 

allowance 








for lay 


for lay 





Sq. in. 

\o/in. 





Millihenries 

Ohms 

Ohms 

Ohms 


Up to 1 100 v 


• 0-007 

7/036 

3-559 

10 

5 890 

6-008 

0-292 

0-092 

3-631 

6-009 

• 0-0145 

7/ -052 

1 705 

19 

2-823 

2 - 8/9 

0-266 

0-083 

1-741 

2-880 

0 - 022.S 

7/ -064 

1-128 

19 

1-863 

1 900 

0-228 

0-072 

1 151 

1-902 

0-04 

19/052 

0-6296 

122 

1-042 

1*063 

0-208 

0-065 

0-646 

1-065 

0-06 

19^064 

0-4155 

138 

0-6878 

0-7016 

0-200 

0-063 

0-429 

0-704 

0-10 

19/083 

0 2470 

►27 

0-4090 

0-4175 

0 192 

0-060 

0-260 

0-422 

0-15 

37/ -072 

0-1687 

^33 

0 2792 

0-2855 

0 185 

0-058 

0 183 

0-291 

0-20 

37/ -083 

0-1270 

111 

0-2101 

0-2153 

0 182 

0-057 

0-143 

0-223 

0-25 

37/ -093 

0 1011 

151 

0-1674 

0 1720 

0-180 

0-057 

0-119 

0-181 

0-30 

37/103 

0 08243 

1661 

0-1365 

0-1407 

0-178 

0-056 

0-103 

0-152 

0 40 

61/093 

0-06133 

1589 

0-1015 

0-1056 

0-177 

0-056 

0-086 

0-119 

0-50 

61 / 103 

0-05001 

►502 

0-08277 

0-08707 

0 176 

0-055 

0-078 

0-103 

0-60 

91/ -093 

0-04113 

►671 

0-06807 

0-07258 

0-175 

0-055 

0-072 

0-091 

1-75 

91/103 

0 03353 

1991 

0-05550 

0-06043 

0-174 

0-055 

0-068 

0-082 

0-00 

127/103 

0-02402 

1151 

0 03977 

0-04569 

0-172 

0 054 

i 

0-063 

0-071 


3 300 v 


0-0225 

7/ -064 

1-126 

1-149 

1-863 

1-900 

0-251 

0-079 

1-151 

1-092 

0-04 

19/052 

0-6296 

0-6422 

1-042 

1-063 

0-227 

0-071 

0-646 

1-065 

0-06 

19/-064 

U 4155 

0-4238 

0-6878 

0-7016 

0 216 

0-068 

0-429 

0-705 

0-10 

19/083 

0 2470 

0-2526 

0-4090 

0-4175 

0-205 

0 065 

0-261 

0-423 

0-15 

37/-072 

0-1687 

0-1733 

0-2792 

0-2855 

0-197 

0-062 

0-184 

0-292 

0-20 

37/-083 

0-1270 

0 1310 

0-2101 

0-2152 

0 192 

0-060 

0-144 

0-224 

0-25 

37/-093 

0-1011 

0-1050 

0-1674 

0-1719 

0 189 

0-059 

0-121 

0-182 

0 30 

37/- 103 

0-08243 

0-08646 

0-1365 

0 1407 

0-187 

0-059 

0-104 

0 - 152 - 

0-40 

61/093 

0-06133 

0-06576 

0-1015 

j 0-1055 

0-183 

0-057 

0 087 

0 120 

0-50 

61/-103 

0-05001 

0-05489 

0-08277 

0 08892 

0-181 

0-057 

0 079 

0-104 


6 600 V 


0-0225 

7/ -064 

1-126 

1-149 

1-863 

1-900 

0-271 

0-085 

1-152 

1-902 

0-04 

19/052 

0 6296 

0-6422 

1-042 

1-063 

0-243 

0-076 

0-647 

1-065 

0-06 

19/064 

0-4155 

0-4238 

0-6878 

0-7016 

0-231 

0-073 

0-430 

0-705 

0-10 

19/083 

0-2470 

0-2525 

0 4090 

0-4174 

0-218 

0-068 

0-262 

0-423 

0-15 

37/ -072 

0-1687 

0-1732 

0-2792 

0-2854 

0-207 

0-065 

0-185 

0-293 

0-20 

37 / 083 

0-1270 

0-1309 

0-2101 

0-2151 

0-201 

0-063 

0-145 

0-224 

0-25 

37/ -093 

0-1011 

0-1048 

0-1674 

0-1718 

0-198 

0-092 

0-122 

0-183 

0-30 

37/103 

0-08243 

0-08631 

0-1365 

0-1409 

0-194 

0-061 

0-106 

0-153 

0-40 

61/093 

0-06133 

0 - 0654 ^ 

0-1015 

0-1054 

0-190 

0-060 

0-089 

0-121 

0-50 

61/103 

1 

0-05001 

0-05471 

0-08277 

0-08681 

0-187 

0-059 

0-080 

0-105 


conduOms 
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Conductor resistance in ohms 
per 1 000 yd. at 20®C 

Copper 

Aluminium 

DC. 

(single 

core) 

A.C. 

(multicore) 

with 

allowance 
for lay 

D.C. 

(single 

core) 

A.C. 

(multicore) 

with 

allowance 
for lay 


Inductance 
(with 
allowance 
for lay) 
per 

1 000 yd. 

Reactance 
(at 50 

Impedance per 

1 000 yd. at 

50 cycles/seo. 
and 20^ 

per 

1 000 yd. 

Copper 

Alumi- 

nium 

Millihenries 

Ohms 

Ohms 

Ohms 


Nominal 

area 

of 

con- 

ductor 


Sq. m. 


No. and 
dia. (in.) 
of 

conductor 

wires 


No/m. 


11 000 V (Belted) 


*0-0225 

7/ -064 

1-126 

1-149 

1-863 

1-900 

0-331 

0-104 

1-154 

1-903 

0-04 

19/052 

0-6296 

0-6422 

1-042 

1-063 

0-266 

0-083 

0-648 

1-066 

0-06 

19/ -064 

0-4155 

0-4238 

0-6878 

0-'’016 

0-251 

0-079 

0-431 

0-706 

010 

19/083 

0-2470 

0-2525 

0-4090 

0-4174 

0-234 

0-074 

0-263 

0-424 

0-15 

37/ -072 

0-1687 

0-1731 

0-2792 

0-2853 

0-222 

0-070 

0-187 

0-294 

0-20 

37/ -083 

0-1270 

0-1307 

0-2101 

0-2151 

0-215 

0-067 

0-147 

0-225 

0-25 

37/ 093 

0-1011 

0-1047 

0-1674 

0-1717 

0-210 

0-066 

0-124 

0-183 

0-30 

37/-103 

0-08243 

0-08614 

0-1365 

0-1405 

0-205 

0-065 

0-108 

0-155 

0-40 

61/ 093 

0-06133 

0-06538 

0 1015 

0-1053 

0-199 

0-063 

0-091 

0-123 

0-50 

61/103 

0-05001 

0 05445 

0-08277 

0-08665 

0-195 

0-061 

0-082 

0-107 


1 1 000 V (Screened) Earthed neutral 


•0-0225 

7/ -064 

1-126 

1-149 

1-863 

1 900 

0-356 

0-112 

1-154 

1-903 

0-04 

19^052 

0-6296 

0-6422 

1-042 

1-063 

0-285 

0-090 

0-648 

1-067 

0-06 

19/ 064 

0-4155 

0-4238 

0-6878 

0-7016 

0-268 

0-084 

0 432 

0-707 

0-10 

19/-083 

0-2470 

0-2524 

0-4090 

0-4174 

0-249 

0-078 

0-264 

0-425 

0-15 

37/ -072 

0 1687 

0 1730 

0-2792 

0-2853 

0-235 

0-074 

0-183 

0-295 

0-20 

37/-083 

0-1270 

0 1307 

0 2101 

0-2150 

0 227 

0-071 

0-149 

0-227 

0-25 

37/ 093 

0-1011 

0 1046 

0-1674 

0-1717 

0 221 

0-069 

0-126 

0-185 

0-30 

37/103 

0-08243 

0-08601 

0-1365 

0-1404 

0-216 

0-068 

0-110 

0-156 

0 40 

61/ 093 

0-06133 

0 06521 

0-1015 

0-1052 

0-209 

0-066 

0-092 

0-124 

0-50 

61/-103 

0-05001 

0 05425 

0-08277 

0-08653 

0-204 

0 064 

0-084 

0-108 

1 1 000 V (Screened) Unearthed neutral 

•0 0225 

7/ -064 

1-126 

1-149 

1-863 

1-900 

0 395 

0-124 

1-155 

1-904 

0-04 

19/ -052 

0-6296 

0-6422 

1 012 

1-063 

0 317 

0-099 

0-650 

1-068 

0-06 

19/-064 

0-4155 

0-4238 

0-6878 

0-7016 

0-297 

0-093 

0-435 

0-708 

0-10 

19/-083 

0-2470 

0-2524 

0-40 JO 

0 4172 

0 274 

0-086 

0 267 

0-426 

0-15 

37/-072 

0-1687 

0-1729 

0-2792 

0-2852 

0-257 

0-081 

0-191 

0-296 

0-20 

37/ 083 

0 1270 

0 1305 

0-2101 

0-2149 

0-247 

0-078 

0-152 

0-229 

0-25 

37/ -093 

0 1011 

0-1044 

0 1674 

0-1715 

0-240 

0-075 

0-129 

0-187 

0-30 

37/103 

0-08243 

0-08581 

0-1365 

0-1403 

0-233 

0-073 

0-113 

0-158 

0-40 

61/ -093 

0-06133 

0-06495 

0 1015 

0-1050 

0-224 

0-070 

0-096 

0-127 

0-50 

61/103 

0-05001 

0-05395 

0-08277 

0-08633 

0-219 

0-069 

0-087 

0-110 


22 000 V (Belted) 


0-04 

19/ 052 

0-6296 

0-6422 

1-042 

1-063 

0-309 

0-097 

0-650 

1-067 

0-06 

19/-064 

0-4155 

0-4238 

0-6878 

0-7016 

0-289 

0-091 

0-434 

0-708 

0-10 

19/083 

0-2470 

0-2524 

0-4090 

0-4172 

0-268 

0-084 

0-266 

0-426 

0-15 

37/ 072 

0-1687 

01729 

0-2792 

0-2853 

0-251 

0-079 

0-190 

0-296 

0-20 

37/ -083 

0-1270 

0-1306 

0-2101 

0-2150 

0-242 

0-076 

0-151 

0-228 

0-25 

37/ -093 

0-1011 

0-1045 

0-1674 

0-1716 

0-235 

0-074 

0-128 

0-187 

0-30 

37/-103 

0 0S243 

0-08589 

0-1365 

0-1403 

0-229 

0-072 

0-112 

0-158 


^Circular conductors 
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Conductor resistance in ohms 
per 1 000 yd. at 20®C 

Copper 

Aluminium 

D.C. 

(single 

core) 

A.C. 

(multicore) 

with 

allowance 
for lay 

D.C. 

(single 

core) 

A.C. 

(multicore) 

with 

allowance 
for lay 


Impedance per 

1 000 yd. at 

50 cycles/sec. 
and 20‘'C 

Copper 

Alumi- 


nium 

Ohms 

Ohms 


Nominal 

area 

ot 

con- 

ductor 


Sq. in. 


No. and 
dia. (in.) 
of 

conductcr 

wires 


No/in. 


Inductance 
(with 
allowance 
for lay) 

1 OOoVd. 


Millihenries! 


Reactance 
(at 50 
cycles/sec.) 
per 

1 000 yd. 


Ohms 


22 000 V (Screened) Earthed neutral 


004 

19/052 

0-6296 

0-6422 

1-042 

1-063 

0 341 

0-107 

0-651 

1-069 

OOS 

19/084 

0-4155 

0-4238 

0-6878 

0-7016 

0-319 

0-100 

0-436 

0-709 

010 

19/ -083 

0-2470 

0-2523 

0-4090 

0-4172 

0-294 

0-092 

0-269 

0-427 

015 

37/-072 

0-1687 

0-1729 

0-2792 

0-2852 

0-275 

0-086 

0-193 

0-298 

0-20 

37/-083 

0-1270 

0-1304 

0-2101 

C-2149 

0-263 

0-083 

0-154 

0-230 

0-25 

37/-093 

0-1011 

0-1043 

0-1674 

0-1715 

0-255 

0-080 

0-132 

0-189 

0-30 

37/ -103 

0-08243 

0-08569 

0-1365 

0-1402 

0-248 

0 078 

0-116 

0-160 

0'40 

61/093 

0-08133 

0-06477 

0-1015 

0-1049 

0-238 

0-075 

0-099 

0-129 

0-50 

61/103 

0-05001 

0-05374 

0-08277 

0-08619 

0-231 

0-073 

0-090 

0-113 


22 000 V (S.L.) or (S.A.) Earthed neutral 


0-04 

19/052 

0-6296 

0-6422 

1-042 

1-063 

0-417 

0-131 

0-655 

1-07 

0-06 

19/064 

0-4155 

0-4238 

0-6878 

0-7016 

0-393 

0-124 

0-442 

0-712 

0-10 

19/083 

0-2470 

0-2522 

0 4090 

0-4172 

0-363 

0-114 

0-277 

0-433 

0-15 

37/ 072 

0-1687 

0-1728 

0-2792 

0 2852 

0-339 

0-106 

0-203 

0-304 

0-20 

37/ -083 

0-1270 

0-1304 

0-2101 

0-2149 

0-326 

C-102 

0-166 

0-238 

0-25 

37/ 093 

0-1011 

0-1043 

0-1674 

0-1714 

0-315 

0-099 

0-144 

0-198 

0-30 

37/ -103 

0-08243 

0-08561 

0 1365 

0-1401 

0-305 

0-096 

0-129 

0-170 

0-40 

61/093 

0-08133 

0-06471 

0-1015 

0-1048 

0-294 

0-092 

0-113 

0-140 

0-50 

61/103 

0-05001 

0-05366 

0-08277 

0-8614 

0-285 

0-090 

0-105 

0-124 


33 000 V (Screened) Earthed neutral 


0-10 

1 9/ -083 

0-2470 

0-2522 

0-4090 

0-4172 

0-323 

0-101 

0-272 

0-430 

0-15 

37/-072 

0-1687 

0-1728 

0-2792 

0-2848 

0-297 

0-093 

0-196 

0-300 

0-20 

37/-083 

0-1270 

0-1304 

0-2101 

0-2148 

0-284 

0-089 

0-158 

0-233 

0-25 

37/ 093 

0-1011 

0-1043 

0-1674 

0-1714 

0-269 

0-084 

0-134 

0-191 

0-30 

37/103 

0-08243 

0-08557 

0-1365 

0-1401 

0-261 

0-082 

0-119 

0-162 

0-40 

61/ 093 

0-06133 

0-06461 

0-1015 

0-1048 

0-250 

0-078 

0-102 

0-131 

0-50 

61/103 

0-05001 

0-05355 

0-08277 1 

0-08609 

0-243 

0-076 

0-0932 

0-115 


33 000 V (S.L.) or (S.A.) Earthed neutral 


0-10 

19/ -083 

0-2470 

0-2522 

0-4090 

0-4172 

0-397 

0-125 

0-281 

0-436 

o-r5 

37/ 072 

0-1687 

0-1727 

0-2792 

0-2848 

0-366 

0-115 

0-210 

0-307 

0-20 

37/ -083 

0-1270 

0-1303 

0-2101 

0-2146 

0-349 

0-110 

0-170 

0-241 

0-25 

37/-093 

0-1011 

0-1042 

0-1674 

0-1714 

0-332 

0-104 

0-147 

0-201 

0-30 

37/103 

0-08243 

0-08549 

0-1365 

0-1401 

0-325 

0-102 

0-133 

0-173 

0-40 

61/093 

0-06133 

0-08456 

0-1015 

0-1047 

0-309 

0-097 

0-117 

0-143 

0-50 

61/103 

0-05001 

0-05346 

0-08277 

0-08601 

0-302 

0-095 

0-109 

0-128 









APPENpIX C 


767 


STANDARD THREE PHASE OIL CIRCUIT- BREAKER RAJTINGS TO B.S. 936 : I^6o 


I 

2 

3 

) 

4 



Breaking 




capacity 


Voltage 

Breaking 

derived from 

Normal currents 


current 

Columns i 




and 2 


kV 

kV 

MVA 

Amperes 



:iRCUIT-BREAK] 

SRS NOT IN FLAMEPROOF ENCLOSURES 

0*415 

0*725 

0*52 

20 30 60 


1*45 

1*04 

100 


3-60 

2*6 

100 200 


7-25 

5*2 

100 200 400 


14-5 

10*4 

200 400 600 800 


21*6 

15*6 

200 400 600 800 


36 

26 

400 600 800 1200 1600 


49*9 

31 

600 800 1200 1600 




2000 2400 3000 

mm 

0*725 

0*75 

20 30 60 

■H 

1*45 

1*5 

100 


3*6 

3*75 

100 200 


7*25 

7*5 

100 200 400 


14*5 

15 

200 400 600 800 


21*6 

22*5 

200 400 600 800 


36 

37*5 

400 600 800 1200 i6oo 


43*3 

45 

600 800 1200 1600 

■ 



2000 2400 3000 



CIRCUIT-BRE> 

VKERS IN FLAMEPROOF ENCLOSURES 

0*415 

3*6 

2*6 

I 50 250 


7*25 

5*2 

150 250 400 


M *5 

10*4 

250 400 

0*6 

3*6 

3*75 

150 250 


4*8 

5 

200 


7*25 

7*5 

150 250 400 


14*5 

15 

250 400 


Note: It is recognised that a rated normal current less than the lowest standard value given in 
Column 4 is permissible for circuit-breakers fitted with series-trip coils. All the rated currents 
(normal and short-circuit) as determined by the trip coil are then assigned by the manufacturer. 
Circuit-breakers listed as 0*415 kV are suitable for use up to and incltiding 0*44 kV and at any 
voltage below 0*415 kV. with the appropriate adjustments to the breaking capacity value given 
in Column 3. 

Circuit-breakers listed os 0*6 kV are suitable for use up to and including 0*66 kV and at ar^ 
voltage below 0*6 kV with the appropriate adjustments to the breaking capacity values given 
in Column 3. 
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STANDARD THREE PHASE OIL CIRCUIT-BREAKER RATINGS TO B.S. Il6 : I952 


Service 

voltage 

kV 

Breaking 

capacity 

MVA 

Symmetrical 
breaking currents 
corresponding 
to Column 2 
kA 

Normal currents 

Amperes 


Excludinc 

pole-mounting an< 

i flameproof circuit-breakers 



0-415* 

15-6 

21-6 


400 

600 

800 





26 

36 0 


400 

600 

800 

1200 

1600 



31 

43-3 




800 

1200 

1600 

2000 








2400 

3000 


o-6t 

22-5 

21*6 


400 

600 

800 





37-5 

36-0 


400 

600 

800 

1200 

1600 



45 

43 ‘3 




800 

1200 

1600 

2000 








2400 

3000 


3-3 

15 

2 63 

200 

400 







25 

4-38 

200 

400 

600 






50 

8-76 

200 

400 

600 






75 

I3-I 


400 

600 

800 





100 

17*5 


400 

600 

800 





150 

26-3 


400 

600 

800 

1200 

1600 

2000 


250 

43-8 




800 

1200 

1600 

2000 

6-6 

75 

6-57 


400 

600 






100 

876 


400 

600 

800 





150 

13-1 


400 

600 

800 

1200 




250 

21*9 


400 


800 

1200 

i6oo 



350 

30-6 


400 


800 

1200 

1600 



500 

43*8 




800 

1200 

1600 

2000 

11 

75 

3*94 


400 







100 

5*25 


400 

600 

800 





150 

7*88 


400 

600 

800 





250 

13*1 


400 


800 

1200 




350 

18-4 


400 


800 

1200 

1600 



500 

263 


400 


800 

1200 

1600 

2000 


750 

39*4 




800 

1200 

1600 

2000 

22 

250 

6*57 


400 







350 

9*2 


400 


800 





500 

13*1 


400 


800 

1200 




750 

197 


400 


800 

1200 




I 000 

263 




800 

1200 

1600 



I 500 

39*4 




800 

1200 

1600 


33 

250 

4*38 


400 







350 

6-13 


400 







500 

8-76 


400 


800 





750 

13*1 


400 


800 

1200 




I 000 

17-5 


400 


800 

1200 




I 500 

26-3 

1 


400 


800 

1200 

1600 



•TTiesc circuit-breakers are suitable for use at 0-44 feV and at 0*4 feV with the appropriate 
adjustments to the breaking capacity values given in Column 2. 
f These circuit-breakers are suitable for use at o*66 feV with the appropriate adjustments to the 
breaking capacity values given in Column 2. 
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STANDARD THREE PHASE OIL CIRCUIT-BREAKER RATtNQS TO B.S. II6 : 


Service 

voltage 

kV 

Breaking 

capacity 

MVA 

Symmetrical 
brewing currents 
corresponding 
to Column 2 
kA 

Normal currents 

Amperes 

44 

500 

6-57 

400 800 


750 

985 

400 800 1200 


I 000 

13-1 

400 800 1200 


I 500 

197 

400 800 1200 

66 

500 

4-38 

400 


750 

6-57 

400 800 



876 

400 800 


I 500 

137 

800 1200 


2 500 

21 -k 

800 1200 

88 


6-57 

600 


I 500 

9-85 

600 


2 500 

i6*4 

600 

no 

I 000 

5*25 

600 


I 500 

7-88 



2 500 

13-1 

600 

132 

I 500 

6-57 

600 


2 500 

10*9 

600 

1 

3 500 

15-3 

800 1200 

165 

I 500 

5*25 

600 


2 500 

876 

600 


3 500 

12*2 

600 

220 

I 500 

3*94 

600 


2 500 

6*57 1 

600 


3 500 

9*2 ! 

600 

275 

3 500 

7-38 

600 


5 000 

10-6 

600 


7500 

iS-8 

800 1200 



POLE-MOUNTIN 

G CIRCUIT-BEAKERRS 

6-6 

50 

4-38 

200 

II 

75 

3-94 

200 


250 

4-38 

400 


Note: It is recognised that a rated normal current less than the minimum standard value in 
Column 4 is permissible for circuit-breakers fitted with series trip-coiJs» All the rated currents 
(normal and short-circuit) as determined by the trip-coil are then assigned by the manufacturer. 
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CAPACITORS FOR POWER FACTOR IMPROVEMENT 


Power factor = 


True power in kilowatts 


=cos 


'Apparent power in kilo -volt -amperes 

where ^ is the angle by which the load current leads or lags the supply 
voltage. 


ADVANTAGES OF POWER FACTOR IMPROVEMENT 

(1) The existing generating plant and the supply network are able to 
supply additional loads and, therefore, to earn increased revenue. 

Extensive replacements or extensions, moreover, may be postponed or 
even avoided. 

(2) The loading and losses in transformers, switchgear, and cables are 
reduced, with a consequent reduction in the total cost of electricity. 

(3) The voltage regulation of the system is improved, and the perform- 
ance of the plant is further enhanced. 

(4) A direct financial saving generally results since tariffs are usually 
framed to give financial inducement to improve power factor. Where an 
industrial installation consists mainly of induction motors, the cost of 
capacitors is generally recovered in less than 18 months. 


TARIFFS 

Tariffs under which capacitors will show a definite financial saving on a 
power bill are those containing: — 

(1) A maximum kVA demand charge. 

(2) A charge for reactive kVA-hour units. 

(3) Those having penalty or bonus/penalty clauses according to the 
power factor. 
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REDUCTIONS OF KVA LOADING FOR CONSTANT KW LbADING BY IMPROVEME^TT 

OF i>OWER FACTOR 



Initial Conditions 

Power Factor = Cos 


Tan <l>i 


kVAri 

kW 


kVAri = kW.Tan 4 >t 


kW 

kVAi 


Improved Conditions 
Power Factor 

Tan <f>2 


Cos <f>2 

kVAr* 

kW 


kW 

kVA, 


kVAr* = kW.Tan 

Capacitor kVAr required to improve power factor from 
Cos 4 >i to Cos ^2 = (kVAri — kVAr2) 

= kW(Tan 4 >i — Tan ^,) 

This value of capacitor kVAr can be determined either by drawing 
the vector diagram to scale or by calculation using values from trigono- 
metrical tables. 
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TABLE OF FACTORS FOR CALCULATING SIZE OF CAPACITOR FOR POWER FACTOR 

IMPROVEMENT 


Initial 

power 

factor 

Factor for improving 
power factor to 

Initial 

power 

factor 

Factor for Improving 
power factor to 

Unity 

0*98 

0*95 

0*90 

. . 

0*85 

Unity 

0*98 

0*95 

0*90 

0*85 

0*40 

2*291 

2*088 

1*962 

1*807 

1*671 

0*70 

1*020 

0*817 

0*691 

0-536 

0*400 

0*41 

2*225 

2*022 

1*896 

1*741 

1*605 

0*71 

0*992 

0-789 

0*663 

0*508 

0*372 

0*42 

2*i6i 

1-958 

1-832 

1-677 

1*541 

0*72 

0*964 

0*761 

0-635 

0*480 

0*344 

0*43 

2*100 

1-897 

1*771 

1*616 

1*480 

0-73 

0-936 

0-733 

0*607 

0*452 

0*316 

0*44 

2*041 

1*838 

1*712 

1*557 

1*421 

0*74 

0*909 

0*706 

0*580 

0-425 

0*289 

0-45 

1-984 

1*781 

1-655 

1*500 

1-364 

0*75 

0*882 

0*679 

0*553 

0-398 

0*262 

0*46 

1*930 

1*727 

1*601 

1-446 

1*310 

0*76 

0-855 

0*652 

0*526 

0*371 

0*235 

0*47 

1*878 

1-675 

1*549 

1*394 

1*258 

0*77 

0*829 

0*626 

0*500 

0-345 

0*209 

0*48 

1*828 

1*625 

1*499 

1*344 

1*208 

0*78 

0*802 

0*599 

0-473 

0-318 

0*182 

0*49 

1*779 

1-576 

1*450 

1*295 

1*159 

0*79 

0-776 

0*573 

0-447 

0*292 

0*156 

0*50 

1*732 

1*529 

1*403 

1*248 

1*112 

0*80 

0*750 

0-547 

0*421 

0*266 

0*130 

0*51 

1*686 

1-483 

1*357 

1*202 

1*066 

o*8i 

0*724 

0*521 

0*395 

0*240 

0*104 

0*52 

1-643 

1*440 

1*314 

1*159 

1*023 

0*82 

0*698 

0-495 

0-369 

0*214 

0*078 

0*53 

i*6oo 

1*397 

1*271 

i*u6 

0*980 

0*83 

0*672 

0*469 

0*343 

0*188 

0*052 

0*54 

1*559 

1-356 

1*230 

1*075 

0*939 

0*84 

0*646 

0-443 

0*317 

0*162 

0*026 

0*55 

1*519 

1*316 

1*190 

1*035 

0*899 

0*85 

0*620 

0*417 

0*291 

0*136 

— 

0*56 

1*480 

1*277 

1*151 

0*996 

0*860 

0*86 

0-593 

0*390 

0*264 

0*109 

— 

0*57 

1*442 

1*239 

1*113 

0*953 

0*822 

0*87 

0*567 

0*364 

0*238 

0*083 

— 

0*58 

1*405 

1*202 

1*076 

0*921 

0*785 

0*88 

0*540 

0-337 

0*211 

0*056 

— 

0*59 

1*369' 

1*166 

1*040 

0*885 

0*749 

0*89 

0*512 

0*309 

0*183 

1 0*028 

— 

0*60 

1*333 

1*130 

1*004 

0*849 

0*713 

0*90 

0*484 

0*281 

0-155 

— 

— 

0*61 

1*299 

1*096 

0*970 

0*815 

0*679 

0*91 

0*456 

0-253 

0*127 

— 

— 

0*62 

1*265 

1*062 

0-936 

0*781 

0*645 

0*92 

0*426 

0*223 

0*097 

— 

— 

0*63 

1*233 

1*030 

0*904 

0*749 

0*613 

0-93 

0-395 

0*192 

o*o66 

— 

— 

0*64 

1*201 

0*998 

0*872 

0*717 

0*581 

0*94 

0-363 

o*i6o 

0-034 

— 

— 

0*65 

1*169 

0*966 

0*840 

0*685 

0*549 

0*95 

0*329 

0*126 

— 


— 

0*66 

1*138 

0*935 

0*809 

0*654 

0*518 

0*96 

0*292 

0*089 

— 

— 

— 

0*67 

1*108 

0*905 

0*779 

0*624 

0*488 

0*97 

0*251 

0*048 

— 

— 

— 

0*68 

1*078 

0-875 

0*749 

0*594 

0*458 

0*98 

0*203 

— 


-- 

— 

0*69 

1*049 

0*846 

0*720 

0*565 

0*429 

0*99 

0*143 




1 “ 


The above table gives the leading reactive kVA (kVAr) required per kW of load to improve the 
power factor from the initial value given in Column i to the required value shown at the top 
of Columns 2-6. 


Example: Given, 100 kW load to be improved from 077 to o 95 power factor. 
Factor from table is 0*500. 

Capacitor (kVAr) = 100. 0*500= 50 kVAr. 
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SUMMARY OF CHARACTERISTICS OF ELECTRIC MOTcfRS STARTED BY VARIOilS 

METHODS 


Type of 
starter 

Starting 

torque* 

% 

Starting 

current* 

% 

Duty 

rating 

Suitable 

drives 

Remarks 

Direct-on 

100 

100 

Frequent 

Most small 
machinery 

Simple and reliable. 
Application limited 
by sonie supply 
authorities 

Star-delta 

33i 

33i 

Frequent 

Light starting 
loads » small 
pumps and 
fans 

Requires 6-terminal 
motor. Heavy 
changeover current. 
Cheap and simple 

Auto- 

transformer 

25-60 

25-60 

Frequent or 
Intermittent 

Large fans, 
ram pumps 
and mills 

Adjustable starting 
torque. Smooth 
start. Expensive 

Primary 

resistance 

25-60 

50-80 

Frequent or 
Intermittent 

Light starting 
loads, machine 
tools etc. 

Simple. Adjustable 
but low starting 
torque with heavy 
current. 

Stator-rotor 

IOO-I 7 O 

20-42 

Frequent or 
Intermittent 

Haulage plant. 
Any drive 
with smooth 
start 

For slip-ring 
motors only. Very 
smooth start with 
wide range of 
torque 


*Per cent of direct-on value. 
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APPROXIMATE FULL LOAD STATOR CURRENTS FOR THREE PHASE A.C. INDUCTION 

MOTORS 



Two phase 

Three phase 

H.P. 

Volts 

Volts 


200 

400 

200 

220 

350 

400 

440 

500 

I 

29 

1*4 

3*4 

3*1 

2-0 

1*7 

1*5 

' 

1*4 

2 

5*7 

2-9 

6-6 

6-0 

. 3-8 

3*3 

3*0 

2-6 

3 

8-4 

4*2 

9-8 

8-9 

5*7 

4*9 

4*5 

3*9 

4 

11*0 

5*6 

13*0 

12-0 

7*5 

6-5 

6-0 

5*2 

5 

14*0 

6-8 

16-0 

14-0 

9*1 

7*9 

7-2 

6*3 

6 

i6*o 

8-1 

19-0 

17-0 

II-O 

9*4 

8*5 

7*5 

7*5 

20*0 

lO-O 

24-0 

21-0 

14-0 

12-0 

ii-o 

9*4 

8 

21*0 

Il-o 

25-0 

22*0 

15*0 

13*0 

12-0 

9*8 

10 

26*0 

13*0 

30-0 

27-0 

17-0 

15-0 

14-0 

12-0 

15 

38*0 

19-0 

44-0 

40-0 

26-0 

22-0 

20-0 

18-0 

20 

50-0 

25-0 

58-0 

53*0 

34*0 

29-0 

26-0 

23-0 

25 

62*0 

31*0 

72-0 

66-0 

42-0 

36-0 

33*0 

29-0 

30 

74-0 

37*0 

86-0 

78-0 

50-0 

43*0 

39*0 

34*0 

40 

96 0 

48-0 

II I -0 

loi-o 

64-0 

56-0 

51*0 

45*0 

50 

ii8*o 

59*0 

137*0 

124-0 

79*0 

68-0 

62 *0 

55*0 

60 

140-0 

70-0 

162-0 

147*0 

94*0 

81-0 

74*0 

65-0 

75 

171-0 

86-0 

198-0 

i8o-o 

114-0 

99*0 

90-0 

79*0 

100 

I 228-0 

114-0 

263-0 

239-0 

152-0 

132-0 

120-0 

105*0 

ISO 

3360 

168-0 

388-0 

3560 

225-0 

194-0 

176-0 

155*0 

200 

446-0 

223-0 

517-0 

468-0 

299*0 

258-0 

235*0 

207-0 


Notes: i . Values are in amperes per phase assuming average power factor and efficiency. 


2. Currents at 550 volts for three phase motors are approximately the same as the H.P. 

TABLE OF CONDUIT SIZES FOR SINGLE CORE CABLES APPROPRIATE TO MOTOR H.P. 


V.I.R. CABLES 


H.P. 

Three in conduit 

Six in 

:onduit 

Cable 

Conduit 

Cable 

Conduit 

Up to 2 

3 / -029 

r 

3/ -029 

r or 1 ' 

3 to 5 

3/ -036 

r 

3/ -036 

r 

6 

3/ -036 

i- 

7/ -029 

I' 

8 

7/ -029 

r 

7/-029 

I" 

10 

7/ -029 

r 

7/ -036 

ir 

12 

7/ -036 

i" 

7/ -036 

ir 

15 

7/ -036 

i" 

7 / -044 

li* 

20 

7 / -044 

1" 

7/ -052 

iV 

25 

7/ -052 

1" 

7/ -064 

ir 

30 

7/ -064 

ir 

I9/-044 

2" 

35 

I9/-044 

li' 

19/ *052 

2 " 

Note: Based on running current per phase 
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FUSING GUIDE FOR MEDIUM-VOLTAGE MOTOR STARTING CIRCUITS 

In all applications where fuses are used for the protection of motors, it 
is important to appreciate that the fuse serves splely to protect the motor, 
the starter itself and the cables against short-circuit. Overload protection, 
if required, must be provided at the motor starter. It is important, too, to 
remember that the discrimination afforded by the modern h.r.c. cartridge 
fuse can only be obtained by a proper selection of the fuse rating. In the 
case of steady loads the selection of the fuse rating will depend on character- 
istics entirely different from those of a motor circuit, and these must, if full 
value of the protection afforded is to be obtained, be taken into full account. 

It has been repeatedly stressed that the performance of the h.r.c. fuse 
can be nullified by haphazard selection of norma) rating. Too often is 
selection made by determining the fuse rating by the maximum rating of 
the switch or circuit-breaker with which it is associated. This can rarely 
be described as selection** and incorrect operation, or lack of operation, 
can be regularly traced to this method. The following is a good guide 
to correct selection. 

Ratings selected from the table which follows are such that fuses will 
carry the currents likely to be encountered in normal service but will operate 
in a minimum of time under fault conditions. 

The method of selection is as follows: — 

Motor circuits may be divided into three classes of drive. Classes A 
and B are the most common, and are covered in the table for squirrel cage, 
slip ring and d.c. motors, and further sub-divided for type of starter. For 
squirrel cage motors, the standstill current is required; for slip ling and 
d.c. motors, the full load current. Given the data as outlined above, selection 
is made by reference to the table overleaf, as the following example indicates. 

Squirrel- cage motor. 

Type of drive — A. 

Starter — direct on line. 

Standstill current =8o amps. 

Nearest higher figure Column i = 86 amps. 

Corresponding fuse rating =50 amps. 

If the motor is started more than ten times per hour or the ambient 
temperature is 35°C or more the standstill current must be multiplied by 
the factor i*i, thus: 

Standstill current =80 amps. 

Frequent start factor=8o. 1*1 = 88 amps 

Nearest higher figure Column 1 = 112 amps. 

Corresponding fuse rating =60 amps. 

The third class of drive, C, requires special consideration and suitable 
ratings should be ascertained from the fuse maker. The information 
required is: — 

Type of machinery being driven. 

Moment of inertia of moving parts. 

Type of motor and starter. 

Full-load and standstill currents. 

Time to run up to speed. 

No. of starts per hour. 

Ambient temoerature. 
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Type of motor and starter 






Slip-ring 

or direct 



Squirrel-cage motors 


current motors 

Fuse 

Direct-to-line 

Star-delta or 

Resistance 

rating 

starter 

auto-transformer starter 

starter 


(i) 

(2) 

(3) 

(4) 

( 5 ) 

(6) 


A 

B 

A 

B 

A 

B 


Standstill 

Standstill 

Standstill 

Standstill 

F.L. 

F.L, 


current not 

current not 

current not 

current not 

current not 

current not 


in excess of 

in excess of 

in excess of 

in excess of 

in excess of 

in excess of 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

10 

17 

i6-5 

23 

22*5 

4*6 

4*5 

20 

35 

33 

48 

46 

97 

9*1 

30 

53 

50 

73 

69 

14-5 

H 

40 

70 

67 

97 

92 

19-5 

i8‘S 

50 

86 

82 

119 

112 

24 

22 

60 

112 

103 

154 

142 

31 

28 

80 

164 

149 

225 

205 

45 

41 

100 

205 

i8s 

280 

25s 

56 

51 

ISO 

415 

370 

570 

510 

II4 

102 

200 

600 

525 

82s 

725 

165 

145 

250 

780 

67s 

I 080 

925 

215 

185 

300 

950 

820 

I 310 

I 130 

265 

225 

350 

I 150 

I 020 

i 600 

I 400 

320 

280 

400 

I 350 

I 180 

I 850 

I 620 

370 

325 

450 

I 580 

I 375 

2 200 

I 860 

435 

375 

500 

I 750 

I 470 

2 380 

2 020 

475 

405 

600 

2 100 

I 820 

2 900 

2 500 

580 

500 

700 

2550 

2 130 

3500 

2950 

700 

590 

750 

2 850 

2 400 

3950 

3 300 

750 

665 

800 

3 100 

2 600 

4250 

3 550 

800 

710 


A— Normal industrial drives with starting time not exceeding 12 seconds, 
e.g, light or medium machine tools, presses, industrial machinery. 

B =Drives with heavy inertia, starting time not exceeding 30 seconds, 
e.g. induced and forced draught fans, blowers, centrifuges. 
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A FUSING GUIDE FOR H.V. EXPULSION TYPE FUSES ON? PAGES 6 oi -622 


Minium Ratings Of Fuse Elements For Three Phase Operation 



Fuse rating, slow-acting elements 

Fuse rating, fast-acting elements 

kVA 

Transformer 

Feeder 

Transformer I 

Feeder 


protection 

protection 

protection ^ 

protection 


II kV 

6-6 kV 

II kV 

6*6 kV 

II kV 

6-6 kV 1 

II kV 

6-6 kV 

5 

2 

3 

2 

2 

3 

5 

3 

3 

7*5 

2 

3 

2 

2 

3 

5 

3 

3 

10 

3 

5 

2 

2 

5 

7*5 

3 

3 

15 

3 

5 

2 

3 

5 

1 

3 

3 

20 

3 

7-5 

3 

5 

7*5 

10 

3 

5 

25 

5 

7-5 

3 

5 

7-5 

15 

3 

5 

30 1 

5 

7*5 

5 

5 

10 

1 

3 

5 

40 

7*5 

10 

5 

5 

10 

20 1 

3 

5 

50 

7-5 

15 

5 

7*5 

15 

20 ' 

5 

7*5 

75 

10 

20 

7*5 

10 

15 

25 1 

5 

10 

lOO 

15 

20 

7*5 

15 

20 

40 ' 

7*5 

15 

150 

20 

30 

10 

20 

25 

50 

10 

20 

200 

20 

40 

15 

25 

40 

— 1 

15 

25 

250 

30 

40 ' 

' 20 

30 

40 

— 1 

20 

30 

300 

30 

SO 1 

25 

40 

50 

1 — 1 

20 

40 

400 

40 

60 1 

30 

50 

— 

— 1 

30 

50 

500 , 

1 

75 

40 

60 

— 

— 

40 

— 

750 ’ 

' 60 

— 

50 

— 

— 

— 

50 

— 

I 000 1 

1 75 

— 

75 

— 

— 

— 

— 

— 


Minimum Ratings Of Fuse Elements For Single Phase Operation 


Fuse rating, slow-acting elements 

1 


Transformer 

protection 


Feeder 

protection 


iikV 6-6 kV iikV 6-6 kV 


Fuse rating, fast-acting elements 

Transformer Feeder 

protection protection 

iikV 6*6 kV iikV 6-6 kV 
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FRACTIONS AND DECIMALS OF AN INCH 


Fraction 

Decimal 

Millimetres 

Nearest 

S.W.G. No. 

No. 

Inch 

1/64 

0-015625 

0-3969 

|28 

I27 

0-0148 

0-0164 

1/32 

0-03125 

0-7937 

21 

0-032 

1/16 

0-0625 

1-5875 

16 

0-064 

3/32 

0-09375 

2-3812 

13 

0-092 

1/8 

0-125 

3-1750 

10 

0-128 

S/32 

0-15625 

3-9688 

8 

0-160 

3/16 

0-1875 

4-7625 

6 

0-192 

7/32 

0-21875 

5-5563 

5 

0-212 

1/4 

0-25 

6-35 

3 

0-252 

9/32 

0-28125 

7-1438 

2 

0-276 

S/i 6 

0-3125 

7-9375 

I 

0-300 

n/32 

0-34375 

8-7313 

2/0 

0-348 

3/8 

0*375 

9-5250 

3/0 

0-372 

13/32 

0-40625 

10-3188 

4/0 

0-400 

7/16 

0-4375 

11-1125 

5/0 

0-432 

15/32 

0-46875 

1 1 -9063 

6/0 

0-464 

1/2 

0-5 

12-7 

7/0 

0-5 

17/32 

0-53125 

13-4938 



9/16 

0-5625 

14-2875 



19/32 

0-59375 

15-0813 



S/8 

0-625 

15-875 



21/32 

0-65625 

16-6688 



11/16 

0-6875 

17-4625 



23/32 

0-71875 1 

18-2563 



3/4 

0-75 

19-05 



25/32 

0-78125 

19-8438 



13/16 

0-8125 

20-6375 



27/32 

0-84375 

21-4313 



7/8 

0-875 

22-225 



29/32 

0-90625 

23-0188 



15/16 

0-9375 

23-8125 



31/32 

0-96875 

24-6063 
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TABLES OF LOGARITHMS AND ANTILOGARITHMS 

Logarithms 



0 

I 

2 

3 

4 

5 

6 

7 

8 

9 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0000 

0043 

0086 

0128 

0170 

0212 

0253 

0294 

0334 

0374 

4 

8 

12 

17 

21 

25 

29 

33 

37 

11 

0414 

0453 

0492 

0531 

0569 

0607 

0645 

0682 

0719 

0755 

4 

8 

11 

15 

19 

23 

26 

30 

34 

12 

0792 

0828 

0864 

0899 

0934 

0969 

1004 

1038 

1072 

1106 

3 

7 

10 

14 

17 

21 

24 

28 

31 

13 

1139 

1173 

1206 

1239 

1271 

1303 

1335 

1367 

1399 

1430 

3 

6 

10 

13 

z6 

19 

23 

26 

29 

14 

1461 

1492 

1523 

1 553 

1584 

1614 

1644 

1673 

1703 

1732 

3 

6 

9 

12 

15 

18 

21 

24 

27 

15 

1761 

1790 

1818 

1847 

1875 

1903 

1931 

1959 

1987 

2014 

3 

6 

8 

11 

14 

17 

20 

22 

25 

i6 

2041 

2068 

2095 

2122 

2148 

2175 

2201 

2227 

2253 

2279 

3 

5 

8 

11 

13 

16 

18 

21 

24 

17 

2304 

2330 

2355 

2380 

2405 

2430 

2455 

2480 

2504 

2529 

2 

5 

7 

10 

12 

15 

17 

20 

22 

i8 

2553 

2577 

2601 

2615 

2648 

2672 

2695 

2718 

2742 

2765 

2 

5 

7 

9 

12 

14 

16 

19 

21 

19 

2788 

2810 

2833 

2856 

2878 

2900 

2923 
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2099 

2104 

2109 

2113 

2118 

2123 

2128 

2133 

0 

I I 
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2 

3 

3 

4 

4 

‘33 

2138 

2143 

2148 

2153 

2158 

2163 

2168 

2173 

2178 

2183 

0 

I 1 

2 

2 

3 

3 

4 

4 

•34 

2188 

2193 

2198 

2203 

2208 

2213 

2218 

2223 

2228 

2234 

1 

I 2 

2 

3 

3 

4 

4 

5 

•35 

2239 

2244 

2249 

2254 

2259 

2265 

2270 

2275 

2280 

2286 


I 2 

2 

3 

3 

4 

4 

5 

•36 

2291 

2296 

2301 

2307 

2312 

2317 

2323 

2328 

2333 

2339 


I 2 

2 

3 

3 

4 

4 

5 

•37 

2344 

2350 

2355 

2360 

2366 

2371 

23771 

2382 

2388 

2393 


I 2 

2 

3 

3 

4 

4 

5 

‘38 

2399 

2404 

2410 

2415 

2421 

2427 

2432 

2438 

2443 

2449 


I 2 

2 

3 

3 

4 

4 

5 

*39 

2455 

2460 

2466 

2472 

2477 

2483 

2489 

2495 

2500 

2506 


I 2 

2 

3 

3 

4 

5 

S 

•40 

2512 

2518 

2523 

2529 

2535 

2541 

2547 

2553 

2559 

2564 


I 2 

2 

3 

4 

4 

5 

5 

*41 

2570 

2576 

2582 

2588 

2594 

2600 

2606 

2612 

2618 

2624 


I 2 

2 

3 

4 

4 

5 

5 

•42 

2630 

2636 

2642 

2649 

2655 

2661 

2667 

2673 

2679 

2685 


1 2 

2 

3 

4 

4 

5 

6 

•43 

2692 

2698 

2704 

2710 

2716 

2723 

2729 

2735 

2742 

2748 


I 2 

3 

3 

4 

4 

5 

6 

* 44 ; 

2754 

2761 

2767 

2773 

2780 

2786 

2793 

2799 

2805 

2812 


1 2 

3 

3 

4 

4 

5 

6 

•45 

2818 

2825 

2831 

2838 

2844 

2851 

2858 

2864 

2871 

2877 


I 2 

3 

3 

4 

5 

5 

6 

*46 

2884 

2891 

2897 

2904 

2911 1 

29171 

2924 

2931 

2938 

2944 


I 2 

3 

3 

4 

5 

5 

6 

*47 

2951 

2958 

2965 

2972 

2979 i 

2985! 

2992 

2999 

3006 

3013 


I 2 

3 

3 

4 

5 

5 

6 

*48 

3020 

3027 

3034 

3041 

3048 

3055 

3062 

3069 

3076 

3083 


I 2 

3 

4 

4 

5 

6 

6 

*49 

3090 

3097 

3105 

3 it 2 

3119 

3126 

3133 

3141 

3148 

3155 


1 2 

3 

4 

4 

5 

6 

6 
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Antilogarithms 



0 

I 

2 

3 

4 

5 

6 

7 

8 

9 

I 2 

3 

4 

5 

6 

7 

8 

9 

•50 

3162 

3170 

3177 

3184 

3192 

3199 

3206 

3214 

3221 

3228 

I I 

2 

3 

4 

4 

5 

6 

7 

•51 

3226 

3243 

3251 

3258 

3266 

3273 

3281 

3289 

3296 

3304 

1 2 

2 

3 

4 

5 

5 

6 

7 

•52 

3311 

3319 

3327 

3334 

3342 

3350 

3357 

3365 

3373 

3381 

I 2 

2 

3 

4 

5 

5 

6 

7 

•53 

3388 

3396 

3404 

3412 

3420 

3428 

3436 

3443 

3451 

3459 

I 2 

2 

3 

4 

5 

6 

6 

7 

*54 

3467 

3475 

3483 

3491 

3499 

3508 

3516 

3524 

3532 

3540 

I 2 

2 

3 

4 

5 

6 

6 

7 

•55 

3548 

3556 

3565 

3573 

3581 

3589 

3597 

3606 

3614 

3622 

I 2 

2 

3 

4 

5 

6 

7 

7 

•S6 

3631 

3639 

3648 

3659 

3664 

3673 

3681 

3690 

3698 

3707 

1 2 

3 

3 

4 

5 

6 

7 

8 

•57 

3715 

3724 

3733 

3741 

3750 

3758 

3767 

3776 

3784 

3793 

I 2 

3 

3 

4 

5 

6 

7 

8 

•S8 

3802 

3811 

3819 

3828 

3837 

3846 

3855 

3864 

3873 

3882 

I 2 

3 

4 

4 

5 

6 

7 

8 

•59 

3890 

3899 

3908 

3917 

3926 

3936 

3945 

3954 

3963 

3972 

I 2 

3 

4 

5 

5 

6 

7 

8 

•60 

3981 

3990 

3999 

4009 

4018 

4027 

4036 

4046 

4055 

4064 

I 2 

3 

4 

5 

6 

6 

7 

8 

•61 

4074 

4083 

4093 

4102 

41 1 1 

4121 

4130 

4140 

4150 

4159 

I 2 

3 

4 

5 

6 

7 

8 

9 

*62 

4169 

4178 

4188 

4198 

4207 

4217 

4227 

4236 

4246 

4256 

I 2 

3 

4 

5 

6 

7 

8 

9 

•63 

4266 

4276 

4285 

4295 

4305 

4315 

4325 

4335 

4345 

4355 

I 2 

3 

4 

5 

6 

7 

8 

9 

■64 

436s 

4375 

4385 

4395 

4406 

4416 

4426 

4436 

4446 

4457 

I 2 

3 

4 

5 

6 

7 

8 

9 

•65 

4467 

4477 

4487 

4498 

4508 

4519 

4529 

4539 

4550 

4560 

I 2 

3 

4 

5 

6 

7 

8 

9 

•66 

4571 

4581 

4592 

4603 

4613 

4624 

4634 

4645 

4656 

4667 

I 2 

3 

4 

5 

6 

7 

9 

10 

-67 

4677 

4688 

4699 

4710 

4721 

4732 

4742 

4753 

4764 

4775 

I 2 

3 

4 

5 

7 

8 

9 

10 

•68 

4786 

4797 

4808 

4819 

4831 

4842 

4853 

4864 

487s 

4887 

I 2 

3 

4 

6 

7 

8 

9 

10 

•69 

4898 

4909 

4920 

4932 

4943 

4955 

4966 

4977 

4989 

5000 

I 2 

3 

5 

6 

7 

8 

9 

10 

•70 

5012 

5023 

5035 

5047 

5058 

5070 

5082 

5093 

510S 

5117 

1 2 

4 

5 

6 

7 

8 

9 

II 

•71 

5129 

5140 

5152 

5164 

5176 

5188 

5200 

5212 

5224 

5236 

I 2 

4 

5 

6 

7 

8 

10 

XX 

•72 

3248 

5260 

5272 

5284 

5297 

5309 

5321 

^333 

5346 

5358 

I 2 

4 

5 

6 

7 

9 

10 

IX 

*73 

5370 

3383 

5395 

5408 

5420 

5433 

5445 

5458 

5470 

5483 

I 3 

4 

5 

6 

8 

9 

10 

II 

•74 

5495 

5508 

5521 

5534 

5546 

5559 

5572 

5585 

5598 

56x0 

I 3 

4 

5 

6 

8 

9 

10 

12 

*75 

5623 

5636 

5649 

5662 

5675 

5689 

5702 

57*5 

5728 

5741 

I 3 

4 

5 

7 

8 

9 

10 

12 

•76 

5754 

5768 

5781 

5794 

5808 

5821 

5834 

5848 

5861 

5875 

I 3 

4 

5 

7 

8 

9 

II 

12 

•77 

5S88 

5902 

5916 

5929 

5943 

5957 

5970 

5984 

5998 

6012 

I 3 

4 

5 

7 

8 

xo 

II 

12 

•78 

6026 

6039 

6 oi 3 

6067 

6081 

6095 

6x09 

6x24 

6138 

6x52 

I 3 

4 

6 

7 

8 

10 

II 

13 

•79 

6166 

6:80 

6194 

6209 

6223 

6237 

6252 

6266 

6281 

6295 

I 3 

4 

6 

7 

9 

10 

II 

13 

•80 

6310 

6324 

6339 

6353 

6368 

6383 

6397 

64x2 

6427 

6442 

I 3 

4 

6 

7 

9 

10 

12 

13 

■81 

6457 

6471 

6486 

6501 

6516 

6 '; 3 i 

6546 

656X 

6577 

6592 

2 3 

5 

6 

8 

9 

XX 

12 

14 

•82 

6607 

6622 

6637 

66 S 3 

6668 

6683 

6699 

6714 

6730 

6745 

2 3 

5 

6 

8 

9 

XI 

12 

14 

•83 

6761 

6776 

6792 

6808 

6823 

6839 

6855 

687X 

6887 

6902 

2 3 

5 

6 

8 

9 

I X 

13 

14 

*84 

6918 

6934 

6950 

6966 

6982 

6998 

7015 

7031 

7047 

7063 

2 3 

5 

6 

8 

xo 

XI 

13 

15 

•85 

7079 

7096 

71 12 

7129 

7145 

7161 

7178 

7194 

7211 

7228 

2 3 

5 

7 

8 

10 

12 

13 

IS 

•86 

7244 

7261 

7278 

7295 

7311 

7328 

7345 

7362 

7379 

7396 

2 3 

5 

7 

8 

10 

X 2 

13 

15 

•87 

7413 

7430 

7447 

i 7464 

7482 

7499 

7516 

7534 

7551 

7568 

2 3 

5 

7 

9 

xo 

12 

14 

16 

-88 

7586 

7"303 

7621 

7638 

7656 

7674 

7691 

7709 

7727 

7745 

2 4 

5 

7 

9 

II 

X 2 

14 

16 

-89 

7762 

7780 

7798 

7816 

7834 

7852 

7870 

7889 

7907 

792s 

2 4 

5 

7 

9 

X X 

13 

14 

16 

•90 

7943 

7962 

7980 

7998 

8017 

8035 

8054 

8072 

8091 

8xxo 

2 4 

6 

7 

9 

XX 

13 

15 

17 

-91 

8128 

8147 

8166 

818s 

8204 

8222 

824X 

8260 

8279 

8299 

2 4 

6 

8 

9 

XX 

13 

15 

17 

.92 

8318 

8337 

8356 

8375 

8395 

8414 

8433 

8453 

8472 

8492 

2 4 

6 

8 

xo 

X 2 

14 

15 

17 

•93 

8511 

8531 

8551 

8570 

8590 

8610 

8630 

8650 

8670 

8690 

2 4 

6 

8 

10 

12 

14 

16 

18 

•94 

8710 

8730 

8750 

8770 

8790 

88x0 

883 X 

8851 

8872 

8892 

2 4 

6 

8 

10 

12 

14 

16 

18 

•95 

8913 

8933 

8954 

8974 

8995 

90x6 

9036 

9057 

9078 

9099 

2 4 

6 

8 

10 

12 

15 

17 

19 

•96 

9120 

9141 

9162 

9183 

9204 

9226 

9247 

9268 

9290 

9311 

2 4 

6 

8 

II 

^3 

15 

11 

19 

-97 

9333 

9354 

9376 

9397 

9419 

9441 

9462 

9484 

9506 

9528 

2 4 

7 

9 

II 

13 

15 

17 

20 

•98 

9550 

9572 

9594 

9616 

9638 

9661 

9683 

9705 

9727 

9750 

2 4 

7 

9 

II 

13 

16 

18 

20 

•99 

9772 

9795 

9817 

1 

9840 

9863 

9886 

9908 

9931 

9954 

9977 

2 5 

7 

9 

11 

14 

16 

18 

20 
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TABLE OF CHORDS, SINES, COSINES, TANGENTS, ETC. 



Tables of logarithemst antilogaritkems, chords, sines, cosines and antitangents {reproduced by 
permission 0/ E. & F. N. Spofi Ltd.). 
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CONVERSION FACTORS 



Inches to centimetres 

multiply by 

2-540 

Feet to metres 


ft 

0-3048 

Square inches to square centimetres 

,, 

ft 

6-4516 

Square feet to square metres 

,1 

ft 

0-0929 

Circular mils to square inches . . 

ff 

ft 

0-7854.10“* 

Circular mils to square millimetres 

,, 

ft 

0-5067.10“® 

Cubic inches to cubic centimetres 


ft 

16-387 

Cubic feet to cubic metres 

,, 

ft 

0-028 32 

Short tons to tons 

,, 

ft 

0-893 

Pounds to kilogrammes . . 

f* 

,, 

0-4536 

Tons to kilogrammes 

,, 

I 

016*05 

Pounds per square inch to kilogrammes 
per square millimetre . . 

ft 

,, 

0*000 703 I 

Atmospheres to pounds per square inch . . 

ft 

ft 

1473 

Miles per hour to feet per second 

ft 

ft 

1*466 7 

Miles per hour to metres per second 

ft 

ft 

0*447 03 

Gramme calories to British Thermal Units ,, 

ft 

0*003 968 

Gramme calories to joules (watt-seconds) 

ft 

ft 

4*i86 

British Thermal Units to joules (watt- 
seconds) . . 

ft 

ft I 

054-8 

Microhms per sq. cm. per cm. to 
microhms per sq. in. per ft. 

1 1 

,, 

4-724 4 

Microhms per sq. cm. per cm. to ohms 
per mil foot 

ft 

ft 

6-015 3 

Fahrenheit to Centigrade, Subtract 32, . . 

ft 

,, 

5/9 

Centigrade to Fahrenheit, Multiply by 9/5, 


Add 

32 

Resistance of copper at 

6o®F to resistance at 2o°C 

multiply by 

I -017 8 

Resistance of copper at 

20‘^C to resistance at 6o°F 

ft 

ft 

0-982 5 

20®C == 68°F 6o°F =15 •6°C approximately 
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TABLE OF DECIMAL PREFIXES AND SYMBOLS 


Unit 


Prefix 


bymt 


lO^^ 

:o® 

:o« 

:o» 

:o* 

:o 

:o“^ 

0-2 

10-3 

io-« 

10 "* 

Tn-12 


lO"^* 


tera 

giga 

mega 

kilo 

hecto 

deka 

deci 

centi 

milli 

micro 

nano 

pico 

femto 

atto 


a 
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STANDARD DIAGRAMS 


Some standard diagrams respecting shunt and compound 

fre systems, and instrument 

are illustrated thoughout the ensuing pages of this appendix. 



wound d.c. 
connections 
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Fig. C-2 . — Two wire compound 
wound d.c. generator. 
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MACHme 
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Fig. C-6 . — Diagram of 
Board of Trade panel 
(lighting system). 
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Fig. C-7 . — Diagram of Board of Trade panel (traction system)* 



792 


THE J. & P. SWITCHGEAR BOOK 


INSTRUMENT CONNECTIONS 

When studying the following instrument connection diagrams Figs« 
C-8 to C-22 inclusive it should be noted that — 

Phases must come up in order A, B, C, for three phase systems. 

Phases must come up in order A, B, for two phase systems. 

X== Direct voltage connection. 

Y = Voltage connection through voltage transformer. 

Z= Voltage connection through resistance box. 

W= Combination of Y and Z. 



Fig. C-8 . — Connections for single phase power factor meter 
{Messrs. N alder Bros, and Thompson Ltd.). 



Fig. C-q . — Connection for two phase balanced load power 
factor meter (one current and two voltage elements) 
(Messrs. N alder Bros, and Thompson Ltd.). 
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Fig. C-io . — Connections for two phase balanced load power 
factor meter (two current and one voltage elements) 
Messrs, N alder Bros, and Thompson Ltd,). 
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Fig. C-ii . — Connections for two phase unbalanced load 
power factor meter (Messrs. N alder Bros, and Thompson Ltd.). 


AAA 
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Fig. C-I2 . — Conmctions for three phase balanced load 
power factor meter (one current and three voltage elements) 
(Messrs. Nalder Bros, and Thompson Ltd.). 



Fig. C-13 . — Connections for three phase balanced load 
power factor meter (three current and one voltage element) 
(Messrs. Nalder Bros, and Thompson Ltd.). 
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Fig. C-14 . — Connections for three phase three wire unbalanced 
load power factor meter (Messrs. Nalder Bros, and Thompson Ltd,). 


PHASES MUST COME UP M OPtXP A BSC 

N 



Fig. C-15 . — Connections for three phase four wire unbalanced 
load power factor meter (Messrs. Nalder Bros and Thompson Ltd.). 
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Fig. C-i6. — Connections for single phase indicating watt- 
meter {Messrs. Nalder Bros, and Thompson Ltd.). 



Fig. C-17 . — Connections for two phase balanced load 
indicating wattmeter {Messrs. Nalder and Thompson Ltd.). 
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Fig. C-20. — Connections for three phase three wire unbalanced load 
indicating wattmeter (Messrs. Nalder Bros, and Thompson Ltd.). 


N 



Fig. C- 2 I. — Connections for three phase four wire unbalanced load 
indicating wattmeter (two element type) (Messrs. Nalder Bros, 
and Thompson Ltd.). 
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Fig. C-22. — Connections for three phase four wire unbalanced load 
indicating wattmeter (three element type) (Messrs, Nalder Bros, 
and Thompson Ltd.). 


NOTE.— ONLY ONE FIELD 
SWITCH IS NECESSARY 
EITHER IN THE EXCITER 
OR MAIN FIELD. 

THE DISCHARGE RESIS- 
TANCE IN THE MAIN FIELD 
MAY BE DISPENSED WITH 
FOR CERTAIN DESIGNS OF 
ALTERNATOR. 

THE RHEOSTAT IN THE 
MAIN FIELD IS OPTIONAL 



A AMMETER. 

V VOLTMETER. 

AFR ALTERNATOR FIELD RHEOSTAT 
EFR EXCITER FIELD RHEOSTAT. 

AFS ALTERNATOR FIELD SWITCH. 

EFS EXCITER FIELD SWITCH. 

DR DISCHARGE RESISTANCES 

Fig. C-23. — Diagram of alternator field equipment. 
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N0TE.-F0R LAMP BRIGHT AT SYNCHRONISM 
REVERSE BUSBAR VOLTAGE TRANSFORMER AND 
CONNECT SYNCHROSCOPE AS IN FIG E-25 BUT 
OMIT 1/1 TRANSFORMER. 


Fig. C-26~Typical cynchronisii^ connections— synchronmr^ between 
busbars and machines and lamp dark at synchronism. 
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Fig. C-27 . — Synchronising scheme using key interlocked control switches. 
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